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P R E FA C E

abstract

The development of complex energy converters generates currently unresolved demands
on simulation tools. In this thesis, a model-based method to represent fluid-structure
interaction is developed using the example of vertical-axis turbines. The kinematics of
a turbine are simulated with a multi-body approach supporting flexible bodies. The
dynamics of the flexible bodies are based on order-reduced models.v1.2

March 9, 2016, 20:39
–

TUBdok

The fluid domain is represented by Reynolds-averaged Navier-Stokes equations com-
bined with an actuator-line method, a reduced model of the blade approximated by ex-
ternal forces in the momentum equations. Coupling of mechanical and fluid solver is
achieved by a two-way iterative approach. The convergence rate is increased by usage
of a step prediction based on quasi-Newton methods. An acceleration using a proper
orthogonal decomposition to decompose the system dynamics achieves the fastest con-
vergence rates. As an alternative to the partitioned approach a monolithic approach is
outlined and its restrictions by using the selected solvers are identified.

The simulation method is validated with experimental data and applied to vertical-
axis turbines, both in air and water domains. Extensive validation of uncoupled flow
problems and coupled dynamic response of turbines is accomplished. The results are in
good agreement with experimental data and analytic solutions. Comparison to potential
flow and streamtube methods shows the enhanced accuracy of the developed tool chain.
Compared to available, fully meshed solutions, the computational costs are significantly
lower.

Conclusively, a vertical-axis tidal turbine with flexible blades is simulated and deflec-
tions are compared to a linear solution. The local blade deflections are examined and
linked to wake-body interaction.
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preface

abstrakt

Die Entwicklung von innovativen Quellen erneuerbarer Energie stellt neue Anforderun-
gen an Simulationswerkzeuge. In dieser Dissertation werden modellbasierte Methoden
zur Abbildung einer Fluid-Struktur-Interaktion am Beispiel einer Vertikalachsenturbine
entwickelt. Die Kinematik einer Turbine wird durch einen Mehrkörperansatz mit flexiblen
Körpern simuliert. Die Dynamik der flexiblen Körper ist durch ordnungsreduzierte Mo-
delle repräsentiert.

Die Fluiddynamik wird über Reynolds-gemittelte Navier-Stokes-Gleichungen in Ver-
bindung mit einer Aktuatorlinienmethode abgebildet. Diese benutzt ein reduziertes Mo-
dell eines Tragfügels, der durch externe Kräfte in den Momentengleichungen angenähert
wird. Die Kopplung von mechanischem und Fluid-Löser wird über einen iterativen Zwei-
Wege-Ansatz durchgeführt. Die Konvergenzraten der Kopplung sind über eine Iterations-
schrittvorhersage basierend auf quasi-Newton Methoden beschleunigt. Eine Vorhersage,
die Systemdynamiken durch orthogonale Zerlegung (proper orthogonal decomposition) auf-
löst, erzielt die schnellsten Konvergenzraten. Alternativ zum partiellen ist ein monolithi-
scher Ansatz skizziert und die Einschränkungen im Zusammenhang mit den gewählten
Methoden identifiziert.

Die Methoden sind mit Experimentdaten validiert und für Vertikalachsenturbinen in
Luft und Wasser eingesetzt. Eine umfassende Validierung anhand von ungekoppelten
Strömungsproblemen und gekoppelten, dynamischen Simulationen einer Turbine wer-
den durchgeführt. Die Ergebnisse stimmen gut mit Experimentdaten und analytischen
Lösungen überein. Der Vergleich zu Methoden basierend auf Potentialströmungen oder
der double-multiple streamtube method (DMST) zeigt die höhere Genauigkeit des entwickel-
ten Simulationsbaukasten. Im Vergleich zu verfügbaren, vollvermaschten Lösungen ist
der Berechnungsaufwand signifikant geringer.

Abschließend wird eine Vertikalachsenturbine für Gezeitenströmungen mit flexiblen
Blättern simuliert und die Verbiegungen mit einem linearen Ansatz verglichen. Die lo-
kalen Verbiegungen werden untersucht und in Verbindung zur Interaktion von Wirbeln
und Auftriebskörper gesetzt.
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1
I N T R O D U C T I O N A N D M O T I VAT I O N

The demand for energy from renewable sources has grown in the past years in conse-
quence of political decisions and climate change. From a scientific point of view, the field
of renewable energy is still unexploited. In contrast, the share of sources of renewable
energy is planned to be extended up to 27% in Europe in the year 2030 [Eur14] and up to
86% in Germany in 2050 [Sac11]. This includes a significant amount of energy from water
and wind in the offshore area [Pre12].

The present energy mix implies that the goal is reachable but there is still a long way to
go. In the year 2014 the share of energy from renewable sources in Germany was 26.2%,
thereof 34.8% generated by wind power [Bun14]. The turnover of wind energy systems
in Germany was e9.7 billion [Sta14] revealing the impact of this market.

The intention to reach the energy goals is accompanied by the European union releas-
ing a framework programme called Horizon 2020 [Eur15] to face current energy problems.
The focus is to increase the efficiency of consumers and develop available and renewable
energy sources.

The harvesting of renewable energies often includes energy converters with a high
degree of complexity. Along with this complexity the demands on design tools, which
can numerically simulate these energy converters, increase. The design tools need to
serve two major tasks: the development of viable energy converters for complex sources of
energy, such as waves, and optimisation of power outcome.

The latter task reaches the limits of available tools in terms of flexibility. Projects like
the wave flap [Whi+07] contain highly unsteady boundary conditions and flow regimes.
In these so-called oscillating wave surge converters (OWSCs), the power take-off (PTO)
device is subjected to a constant change of flow direction. The same holds true for oscil-
lating water column (OWC) devices. Here, a turbine transforms a constantly changing
airflow into rotational energy.

The second task, namely the optimisation of energy converters restricts the permissible
computing effort of the simulation. A study of parameters with several simulations is cost
intensive in both time and hardware. Thus, a robust simulation method with low com-
putational effort is requested. The benefit of optimisation in turbine design is potentially
large. With an iteratively optimised pitch motion the power outcome of a vertical-axis tur-
bine in [PAH15] is raised by up to 50% compared to a fixed pitched turbine. Due to this
higher power output the turbine concept can compete the with widely-used horizontal-
axis wind turbines (HAWTs). Although, the study emphasise the demand on adapted
simulation methods.

1



introduction and motivation

Beside the pure increase in power outcome, mechanical loads on a turbine must be
taken into account, especially against the background of its life span. In terms of pitch
control of a HAWT a trade-off between mechanical loads and power output must be
balanced [Bos03]. By resolving mechanical loads in more detail, the life span can be
prolonged and the overall efficiency is increased.

Related to the percentage of renewable energy in the market, the increase of efficiency
of current turbines and the development of new energy converters represent a large po-
tential, both economical and environmental.

This thesis is initiated by tasks in the field of wind and water turbine design. These
turbines convert energy of a moving fluid into mechanical energy with a set of lifting
bodies, namely blades. The task is to accurately simulate the complete behaviour of a turbine
in a generic formulation. This thesis is focused on the vertical-axis turbine. Two types of
turbines will be differentiated, the vertical-axis wind turbine (VAWT) and the vertical-axis
tidal turbine (VATT) in a water domain.

The dynamics of a turbine are determined by the fluid and the mechanical side. For
both sides, a well adapted numerical solver needs to be chosen and implemented.

The fluid side will be described with an actuator-line method (ALM) representing a
lifting body with a line of actuators. The ALM is implemented by Wenzel in his the-
sis [Wen15]. The surrounding fluid is resolved with a Reynolds-averaged Navier-Stokes
(RANS) approach in the OpenFOAM framework.

The motion of the body will be captured with a multi-body system (MBS) solver. It
enables a generic formulation and includes elastic dynamics of bodies. The dynamics are
represented by a modal decomposition. In order to reduce the size of the used model and
the computational effort, a model order reduction (MOR) will be equipped.

The coupling of fluid and mechanical side requires an approach to so-called fluid-
structure interaction (FSI). A FSI defines the influence of the fluid on the body and vice
versa. It occurs in many technical applications, but in different scales, which can be dis-
tinct into weak and strong FSI. In strong FSI, the density of fluid and solid are of the same
magnitude, as for a VATT.

For the simulation of a strongly coupled configuration the information between the
states on each domain has to be exchanged simultaneously. This is commonly accom-
plished by a partitioned or a monolithic approach. In the partitioned approach the solver
on each domain is called separately and the information are exchanged iteratively. In this
thesis the focus lies on the partitioned approach.

The convergence of the iterations in the partitioned approach will be accelerated with
adaptive methods to reduce the simulation time.
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introduction and motivation

In order to allow an accurate statement concerning the power outcome of a turbine,
the used solvers and approaches will be validated with available results. A consistent
validation implies the separate examination of fluid and mechanical side, but also of the
coupling of both solvers and the dynamic response of the FSI. The results of the simu-
lations will be compared to experimental results and analytic solutions. This includes
aerodynamic and mechanical properties of a wing in a parallel inflow as well as quasi-
steady and dynamic results of a vertical-axis turbine.

In the first part of this thesis, the task will be presented and the choice of solvers will
be described. In the following chapters MOR techniques will be examined. Subsequently,
the MBS solver and an interface node mapping will be depicted. The used fluid solver
with the ALM will be outlined and further approaches to lifting bodies and vertical-axis
turbines are listed. The chapter on FSI describes the distinct coupling methods and accel-
erations of convergence. After the introduction of the simulation methods, a validation
takes place on different stages. Finally, an advanced application of the depicted meth-
ods in a simulation is performed. The blade deflection of a VATT will be computed and
analysed.

In the last chapter, the results of this thesis will be summarised and discussed. Conclu-
sions will be drawn on the developed methods and possible future works proposed.
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introduction and motivation

central task and choice of solvers

This work intends to accomplish the simulation task in a turbine design process. The
prerequisites for the simulation are to accurately simulate turbines and all their dynam-
ics within a feasible computational time. The dynamics include unsteady fluid loads
demanding a detailed rendering of the turbine mechanics.

The requirement of an efficient simulation leads to a certain choice of methods for both
fluid and body dynamics. In terms of FSI a fast coupling scheme is needed as well.

For the field of turbine simulation a choice of suitable solvers is considered. A common
approach in the field of HAWTs is the ALM [SS02]. The ALM offers a computational effi-
cient simulation of lifting-body devices including a detailed representation of their wakes.
In addition, it provides a high flexibility for body motion suiting a generic approach of
body dynamics.

The ALM is integrated in a computational fluid dynamics (CFD) toolbox called open
source field operation and manipulation (OpenFOAM). The advantage over other soft-
ware is its functional extent and open source code.

A generic representation of body motion is summarized in the field of MBSs. For
the application on turbines, however, not only the rigid body motion is utilised, but
the subregion of flexible multi-body motion. By this, a complete turbine motion can be
rendered including the deflection of blades or supporting structures like a tower. Elastic
structures can be represented by a model of their dynamics. This can be simple elements
like beams or a reduced model of their entire dynamics.

For the latter task the concept of MOR can be applied. It enables the capture of complex
dynamics with fewer system states and thus less computational cost.

Starting from a complex model, the model reduction condenses the dynamics into the
relevant parts for the given problem. In terms of body motion this usually implies a finite-
element method (FEM) analysis of a component part, which is then reduced to a subset
of its degrees of freedom (DOFs) and eigenmodes.

The system matrices of a reduced model are integrated in the multi-body solver and
this way aspects of both a rigid body motion and elasticity is covered.

In order to capture the entire dynamic of a turbine, both fluid side and mechanical
model have to be connected. This interaction of solvers and models requires a definition
of interfaces and their management, which is outlined in Figure 1.1. The interaction
between fluid and mechanical solver will be detailed in Chapter 5. The transfer from a
FEM analysis towards a reduced model for the MBS solver is handled by the MOR. As
a preprocessing for the multi-body software a modal analysis is applied to the reduced
models.

4



introduction and motivation

For the interface between fluid and mechanical domain a choice of interface nodes is
required. Concerning the ALM the nodes on the fluid side are fewer than the nodes of
the MOR. In Chapter 2 a mapping of interface nodes is defined enabling the transfer of
forces from fluid nodes to mechanical nodes and body positions in the opposite direction.

Finite-element methode

Model order reduction

→ reduced set of
DOFs

Modal analysis

→ Eigenmodes

Multi-body dynamics
Computational
fluid dynamics

Fluid-structure
interaction

Figure 1.1.: Schematic flow of information between the engaged methods and solvers in
FSI tool chain. Last section represents coupling between mechanical and fluid
solver.
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2
M O D E L O R D E R R E D U C T I O N

The MOR provides a tool to reduce the complexity of a dynamic system and thereby
lower computational time. The order of a model is defined by its number of DOFs and
is lower in the target system than the source system. As a result, the reduced system is less
comprehensive than the original system.

This leads to the requirement of suitable reduction processes. The aim is to obtain
appropriate system dynamics of the reduced system by modifying the system matrices.
At first, unneeded or DOFs with less influence on the system behaviour are neglected.
A new system with the reduced set of DOFs is computed by condensing the full system
matrices. The optimum is reached, when the system dynamics of interest are the same in
the reduced as in the full model.

The system dynamics for a mechanical system can be modelled by a finite-element (FE)
analysis. For an undamped system the equation of an elastic body motion is:

Mẍ + Kx = f , (2.1)

where M is the mass matrix, K the stiffness matrix, f the force vector and vector x con-
taining all system states. For modelling of a viscoelastic body a further damping term is
inserted.

2.1 finite-element analysis

The system matrices and corresponding natural frequencies and eigenmodes for a given
body are computed using a FEM for mechanic problems. For these tasks the open-source
FEM tool GetFEM++ is convenient [Ren14].

Problem-dependent different element types may suit the problem. For the given exam-
ple of a straight wing, n-th order prism elements are used [Ren14]. The belonging mesh
can be easily generated from extruding a triangular meshed airfoil cross-sectional area,
displayed in Figure 2.1.

The resulting 3D mesh is presented in Figure 2.2 as well as an eigenmode of the solved
system.
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model order reduction

[ July 30, 2015 at 9:37 ]

Figure 2.1.: Tetrahedral mesh of an airfoil section with NACA0015 profile.

Figure 2.2.: Qualitative visualisation of first eigenmode of wing. Magnitude of deflection
coloured increasingly from blue to red. Neutral position of wing displayed
with mesh.

Mounted nodes

In a technical application, parts of the wing are connected to other components. In case of
a clamped wing some nodes are fixed to a mount. To account for this in a FEM analysis
the fixed nodes can be handled in two different ways: either they are neglected in the
system matrices or their stiffness is increased by a penalty function.

The benefit of the penalty function is, that no extra transformation of the system matri-
ces is needed both before and after the MOR. However, the choice of the penalty value
has a large influence and needs to be set by the user. The advantage of row and column
cancellation for neglected nodes is a lower influence on resulting eigenvalues of the sys-
tem. The drawback is a higher computational effort for the matrix manipulation of large
systems.

In this work cancellation is used, since the system size is manageable and the focus is
on correct eigenvalues against the background of MOR.

2.2 model order reduction techniques

Common reduction techniques are the Guyan reduction and derivatives, modal reduc-
tions, two-step and multi-step methods. The Guyan reduction was initially published by
[Guy65] and is an example for single-step methods. Modal reduction bases on a prelimi-
nary modal decomposition and uses only modal parameters for input such as the system
equivalent reduction expansion process (SEREP) reduction [OAR89]. The iterative meth-
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2.2 model order reduction techniques

ods commonly start from a single-step method like Guyan reduction and proceed with a
correcting step.

The advantage of single-step methods is to solve the task in only one system of equa-
tions, which however may need the handle of large matrices and leads to larger compu-
tational costs. In iterative methods the computational time is adaptive to the degree of
accuracy.

In [Qu04] several reduction processes are analysed and compared. The Guyan reduc-
tion and the improved reduced system (IRS) are depicted and applied to the wing in this
setup.

In the first step of a reduction process the DOFs are separated into n master and m
slave degrees. The slave DOFs will be deleted in the process of the reduction. The master
degrees remain and will contain all necessary information to represent the significant
system properties.

The nomenclature is presented in Equation (2.2) for a dynamic system.

[
Mmm Mms

Msm Mss

] [
ẍm

ẍs

]
+

[
Kmm Kms

Ksm Kss

] [
xm

xs

]
=

[
fm

fs

]
(2.2)

This leads to the equation for the slave nodes in dependency of the full system,

xs = −K−1
ss (Msmẍm + Mssẍs + Ksmxm) , (2.3)

see [YQ00].
The outcome of a reduction calculation is a transformation matrix T, which is applied

on all system matrices.

Mr = TTMT (2.4)

Kr = TTKT (2.5)

Fr = TTF (2.6)

From the sorting of the master and slave nodes results the assembly of the transforma-
tion matrix. It holds a unity matrix I for the remaining master nodes and a reduction
matrix R.

T =

[
I
R

]
(2.7)

Another reduction concept, the hybrid reduction, additionally contains modal coordi-
nates, which are not connected to physical nodes. A modal reduction is not applied in
this work, but leads to similar resulting reduced systems, such as the SEREP reduction.
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model order reduction

In terms of eigenvalues a modal reduction is exact. However, a major drawback of most
implementations of modal reductions is the necessity of (pseudo) inverse computation
leading potentially to badly conditioned reduced matrices.

All referred methods have in common, that they end in non-sparsely populated system
matrices. In [KB07a] and [KB07b] a Krylov subspace based method is used preserving a
sparse structure of the system matrix. Since the reduced matrices proceed into a modal
analysis in this work, sparse matrices are not necessary.

2.2.1 Guyan reduction

The Guyan reduction yields good results, if applied to a static excitation in terms of a FE
model. However, looking at the dynamic response this method fails, i.e. the eigenmodes
are not preserved during the reduction process.

The reduced matrices MG, KG and vector fG are computed with the reduction matrix
RG, which is computed by

RG = −K−1
ss Ksm , (2.8)

and defines the transformation between master and slave nodes

xs = RGxm , (2.9)

formulated by [Qu04].

2.2.2 Improved reduced system

The IRS extends the Guyan reduction by accounting for the inertia effects of the reduction
approach in Equation (2.3).

Relating the master and slave states and their derivatives to the definition of Guyan
leads to the statement

ẍs = −RGM−1
G KGxm . (2.10)

This leads to the reduction matrix

RIRS = K−1
ss

[
(Msm + MssRG)M−1

G KG

]
+ RG , (2.11)

developed by [YQ00].

2.3 validation of the reduced model

The specified methods will be validated on a loaded wing with a NACA-type aerofoil
section. These section are defined by a work of the national advisory committee for
aeronautics (NACA), see [ADS45]. For the NACA-00xx series the section distribution can
be defined as a function, see appendix A.1.
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2.3 validation of the reduced model

In this section a solid wing with parameters listed in Table 2.1 is analysed. Numerical
results are compared to analytic solutions.

Table 2.1.: Geometric parameters and material properties of solid wing for MOR.

aerofoil section NACA0015
span size s = 1.2 m
chord length c = 0.185 m
material aluminium

Young’s modulus 6.90 · 1010 N m−2

density ρs = 2700 kg
m3

Poisson’s ratio νs = 0.32

The used FE model consists of 31k DOFs and will be reduced to 600 master DOFs,
which leads to a reduction in system size of 98%.

The wing is loaded on the tip and the flap-wise deflection of the wing measured. The
static answer of a single load can be analytically determined by the beam theory for small
deflections, i.e. bending of an Euler-Bernoulli beam. For a beam clamped on one side the
maximum displacement states as

wmax =
f l3

3EI
, (2.12)

with force f , length l = s, Young’s modulus E and area moment of inertia I.
The natural frequencies of a beam clamped on one side are determined by the transient

form of the beam equation, derived from the Timoshenko beam theory. The solution
yields

0 = cos(λk) · cosh(λk) + 1 , (2.13)

with the k-th wave number λk. The natural frequencies for the wing are

ωn,k =

√
λ4

kEI
l4ρs A

, (2.14)

with the section area A.

The results of the analytic solution, the FEM and the reduced models are listed in Table
2.2. It shows the static deflection and the frequencies of the first nine eigenmodes. For the
static case a force is applied at the tip point of the wing and the deflection is measured.
The error of the FEM results is related to the analytic solution. Furthermore, the error
of the reduction method is related to the FEM results, since the response of a reduced
system can only be as accurate as of the full system.
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The deflection response of a static load is computed with following formulas.

dFEM = K−1f (2.15)

dr = K−1
r fr , (2.16)

where Kr is the reduced stiffness matrix and fr the reduced force vector.

Table 2.2.: Comparison of relative error of static deflection and flap-wise modes to ana-
lytic solution for FEM and different reduction methods. First nine modes of
analysed wing are listed. Error of reduction methods is related to FE model.

method: analytical FEM Guyan IRS
static defl. 0.0539[m] 0.00629% -0.000197% -0.000246%

natural frequency ωn [Hz]
1st 12.906 1.589% 2.59 · 10−4% 1.68 · 10−8%
2nd 80.880 1.440% 0.0102% 1.03 · 10−9%
3rd 226.466 1.208% 0.0793% 5.36 · 10−10%
4th 443.783 0.875% 0.302% 2.7 · 10−8%
5th 733.605 0.446% 0.816% 5.33 · 10−7%
6th 1095.879 -0.078% 1.79% 5.69 · 10−6%
7th 1530.608 -0.695% 1.983073% 6.4 · 10−6%
8th 2037.791 -1.404% 3.420341% 4.01 · 10−5%
9th 2617.430 -2.204% 5.886580% 0.000209%

2.4 modal analysis

Both the FEM model and the reduced model are analysed in their modal properties. This
is executed by an eigenanalysis of the system matrices and results in eigenmodes of the
system representing the characteristic shapes of an elastic part.

The eigenvalue problem for the FEM models states as

KXv = λvMXv , (2.17)

with the eigenvector matrix Xv ∈ Rn×n and the eigenvalues in vector λv ∈ Rn. At this
application only the lowest modes are of interest. Additionally, the system matrices are
sparse, thus Arnoldi iterations are used to compute the eigenvalues and eigenvectors.

The resulting matrices of an eigenanalysis are input for flexible body dynamics in the
MBS solver, q.v. [FE10] and [LE07]. The first four eigenmodes of the given wing are
illustrated in Figure 2.3.
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2.4 modal analysis

(a) 1st eigenmode, 12.556Hz (b) 2nd eigenmode, 78.425Hz

(c) 3rd eigenmode, 83.792Hz (d) 4th eigenmode, 201.414Hz

Figure 2.3.: Qualitative visualisation of first four eigenmodes of wing. Magnitude of de-
flection coloured increasingly from blue to red. Frequencies sorted increas-
ingly from Figure (a) to (d).

Besides the eigenmodes the modal mass and stiffness matrices are required by the MBS
solver. They will be assembled from the reduced system matrices and a selected set of k
eigenvectors Xv ∈ Rn×k of the (reduced) system,

Mv = XT
v MXv (2.18)

Kv = XT
v KXv , (2.19)

or for the reduced system Xv,r ∈ Rm×k.

In this chapter suitable reduction techniques for the simulation task are depicted and
validated. The IRS shows sufficient accuracy in terms of eigenmodes of the FEM analysed
wing, all with a low amount of user interaction.

Furthermore, the modal matrices for the MBS solver are prepared.
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3
M U LT I - B O D Y S Y S T E M

With the MBS approach a framework is provided to solve dynamics of bodies, which
are exposed to external forces. Several implementations of a MBS library are avail-
able providing fast computation of body motion in generic formulation, such as: MSC
Adams, Neweul-M2, Robotran, Simpack, compare [SE12]. A MBS approach includes a
well-arranged choice of reference frames and flexible body dynamics, either by flexible
elements or reduced bodies from MOR (Chapter 2).

As an alternative to a MBS solver, a mechanical solver with FEs could be taken into
account. The drawbacks of the FEM are a potentially higher computational time and the
need of an additional rigid body motion framework. The latter is accomplished with a
six DOF solver, which then handles one individual body only. Furthermore, extended
constraints of rigid body motion and interaction of multiple bodies cannot be covered by
a six DOF solver directly.

The MBDyn-suite developed at the Politecnico di Milano [MMM14] provides a MBS
solver including flexible body dynamics. Furthermore, it offers a robust and open source
implementation, already used in FSI application [CMQ09]; [CMQ11]; [Ben+11]; [MS11];
[YLV07]. MBDyn is used as mechanical solver in this work.

3.1 structure of multi-body systems

For transient problems, i.e. time progression of multi-body dynamics, two types of solvers
are distinguished: forward and inverse dynamics. The forward dynamics, which are used
in this work, return the body position and state at a certain time after applying forces. In
opposition to this, the inverse dynamics receives a position of a body and returns the
forces needed to bring the body into this position at the requested time step [RS88]. A
brief derivation of multi-body equations is presented in the following section.

To begin with, the position and orientation of a rigid body are defined by its state
vector x. Velocity variables are stored in ẋ.

In terms of equation of motion, unreduced kinematic equations and state space repre-
sentation are distinguished. Both can be derived from Newton-Euler equations.

The unreduced and unconstrained kinematic equation of motion yields

M(x) ẍ = f(x, ẋ, t) . (3.1)
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multi-body system

A state space representation is formulated as

Myẏ = hy , (3.2)

with the state variables y containing the generalised coordinates. The number of DOFs is
n f = nz − nc, where nz are all DOFs of x and nc the constrained ones. In this derivation
the unreduced equations will be used.

For constrained systems further equations are defined [SE12]. For holonomic con-
straints the implicit formulation yields

φ(x, t) = 0 (3.3)

and the explicit formulation
x = x(y, t) . (3.4)

Introducing the state vector q =

[
x
ẋ

]
and the momentum vector p, the equation of

motion are derived as a first-order system of equations,

Mq̇ = p (3.5)

ṗ = f(q, q̇, t) . (3.6)

The constraints in Equation (3.3) are added to the equations of motion (3.5) and (3.6) by
Lagrange multipliers [CMQ09]. The resulting constrained equations of motion are

Mq̇ = p (3.7)

ṗ + φT
qλ = f(q, q̇, t) (3.8)

φ(q, t) = 0 . (3.9)

These equations are combined in a residual function r(q, q̇, t) [MMM14].

3.2 transient solver

Considering the implementation used in this work, the transient simulation of a MBS
splits into two parts. The first part is the computation of the initial derivative, defined
as an initial value problem. The second part is the regular solution phase, in which
a Newton-Raphson method is applied, see appendix B.1. The initial value problem is
stated as a differential-algebraic equation (DAE),

r(q, q̇, t) = 0. (3.10)
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3.3 flexible bodies

After the computation of the derivatives, an implicit integration scheme is applied. For
this, Equation (3.10) needs to be solved for q̇, which is computed with a Newton-Raphson
method,

rq̇∂q̇k = −r , (3.11)

where rq̇ = Jq̇ = ∂r
∂q̇ is the Jacobian matrix of r with respect to q̇. The index k defines the

current convergence step of the integration scheme. [MMM14]

3.3 flexible bodies

The MBS solver MBDyn offers the feature to include a flexible body. Due to the definition
by its modal shapes, it is declared as modal body. This body can be build from a reduced
model or can potentially contain a full FE model.

The integration of flexible bodies in a multi-body framework is mentioned, amongst
others by [Wal91], later depicted in [Wal94] and reviewed by [Sha97].

The state, in terms of deformation, of the flexible body is captured with the modal
amplitude vector v ∈ Rnv . The node position of the discretised body is thus

x̃(t) = Ψv , (3.12)

with the modal matrix Ψ ∈ R3×nv .
The equations of motion of a flexible body are derived from the principle of virtual

work. Equation (3.1) and (3.5), respectively, are rearranged toMxx Mxθ Mxv

Mθθ Mθv
Mvv

 ẍ
ω̇

v̈

+

 0
0

Kvv

 v + kω(ω, v, v̇) = h . (3.13)

Hereby x holds only the displacement and ω is the vector of rotational states. The mass
matrix on the left-hand side contains the coupling terms Mxv and Mθv between rigid and
flexible states, approximated with Taylor series. The matrix Mvv and Kvv holds the modal
mass and stiffness. The vector kω accounts for gyroscopic and centrifugal forces. The
forces vector h is derived from the generalised force vector p complemented with the
internal forces fv. [CMQ09]

Validation

For the case of a wing clamped on one side, the deflection of a tip loaded, flexible body
is measured in the MBS solver and compared to the analytic solution, which is defined
in Section 2.3. Parameters of the setup are listed in Table 6.1 and further mechanical

17



multi-body system

quantities in Table 3.2. The relative error is defined as εw = w−wmodel
w , where wmodel is the

deflection of the analysed model and w the reference.

The reduced model of 156 DOFs is condensed from a full FE model with 8112 DOFs.
Only the flap-wise modes are taken into account. The error of the reduced body in
MBDyn is 2.87% with respect to the full model. When using more modes, the error may
increase to 5.27%. Inconsistently with the results from Section 2, the static deflection
within the multi-body solver differs (see Table 3.1). This is probably caused by a noisy
force f in contrast to the reduced force vector fr. Nearby modes are excited in the simula-
tion, which is affirmed in the output of the simulation. These nearby modes may lead to
a false deflection for the tip loaded wing.

Concerning the application in the FSI, this phenomenon has minor influence, because
the force distribution is less scattered and every mode relevant.

Table 3.1.: Error of static deflection of tip loaded wing with respect to analytic solution.
Error of reduced and modal model is related to full FE model.

model DOF εw

full 8112 0.0641 %
reduced 156 −4.69 · 10−6 %
modal 2.87 %

3.4 beam model

Besides reduced models, an approach using beam elements is suitable for turbine related
problems. For straight-bladed or shaped wings in a discretised approach, the mechanic
properties can be represented section-wise using beam elements. This suits an engineer-
ing approach, where blade properties are commonly offered as section-wise listings.

The used beams are finite elements of higher order, which allow bending and twisting
of a slender structure in a model context.

The MBDyn framework offers two- and three-noded beam elements. The properties of
a specific part, in this work a wing, are mapped to the beam element with a constitutive
law. It is defined in a 6D-matrix containing the mechanical properties as follows,
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fx

fy

fz

Mx

My

Mz


= f





εx

γy

γz

κx

κy

κz


,



ε̇x

γ̇y

γ̇z

κ̇x

κ̇y

κ̇z




. (3.14)

Hereby, x is the direction along the wing, fx is the axial force, fy, fz are the shear forces, Mx

the torsional moment, My, Mz the bending moments, εx the axial strain, γy, γz the shear
strain, κx torsional curvature, κy, κz bending curvature (see MBDyn manual [Mas13] for
detailed definitions).

The function f is dependent on the constitutive law kc, which contains

kc =



EAx

GAy

GAz

GIp

EIy

EIz


, (3.15)

where E is the Young’s modulus, G the shear modulus, Ax the airfoil section area and
Ay and Az the corrected shear area (compare [GW01]). The area moments of inertia for y
and z direction are Iy and Iz, whereas the polar moment around the x-axis is defined as

Ip = Iy + Iz. (3.16)

Applying this element, a wing can be discretised with N independent elements, which
are connected in a chain with N + 1 nodes.

3.4.1 Validation

The beam elements are applied according to the setup in Table 3.2 and the deflection is
compared to the analytic solution.

The area moments of inertia are determined from a numerical summation of the polyg-
onal airfoil section of the wing. The discrete formulation of appendix C.1 states

Ix =
1

12 ∑
i
(y2

i + yiyi+1 + y2
i+1)(xiyi+1 − xi+1yi) (3.17)

Iy =
1

12 ∑
i
(x2

i + xixi+1 + x2
i+1)(xiyi+1 − xi+1yi) , (3.18)

compare [Som14].
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For an increasing number of elements the error stays sufficiently low, as depicted in
Figure 3.1. The three-noded beams provide a more accurate solution with fewer elements
compared to the two-noded beams. This can be caused by so-called shear-locking and
corrected by scaling of the constitutive law. The correcting factor is internally applied to
the two-noded beam in a later implementation, compare [Mas14].

Table 3.2.: Geometric parameters and material properties of solid wing for tip load exam-
ination

material aluminium

Young’s modulus 6.90 · 1010 N m−2

density ρs = 2700 kg
m3

Poisson’s ratio νs = 0.32
area moment of inertia Iz = 9.5320 · 10−6 m4

Iy = 0.0017 m4

section area A = 0.0274 m2

force 105 N

3.4.2 Interface node mapping

Depending on the source of external forces, the nodes of the discretised body usually do
not match with the nodes of the forces. In order to connect the position and velocity of
the body with the forces, a valid mapping of interface nodes for both directions needs to
be defined.

In this work two possible mappings are used, one to connect a set of surface forces with
a volumetric body and another to distribute the state of a single node to a slice of a slen-
der body, namely a wing. The former is applied when a surfaces-based code is employed
for the fluid forces and a reduced body on the mechanical side. The latter is relevant for
the ALM and a reduced body, where the ALM consists of a line of single nodes. For beam
elements in connection with the ALM, it is appropriate to space the beam element nodes
according to the nodes of the actuator line. Thus, the nodes of both sides are concentric.

The mapping of surface nodes to a volumetric body is determined with linear inter-
polation between elements of the FEM. Hereby, the Ansatz functions of the underlying
elements are utilised to map nodes on the fluid side to the nearby nodes on the mechani-
cal side. The use of the Ansatz functions is possible, because the surface nodes are close
to or within the elements of the discretised body. Additionally, the forces are evenly dis-
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1 2 3 4 5 6 7 8 9 10

10−3

10−2

10−1

100

N

ε w

2-node elements
3-node elements

[ July 30, 2015 at 9:38 ]

Figure 3.1.: Relative error of wing tip deflection compared to analytic solution for different
beam models and increasing number of beam elements. Error is plotted on
logarithmic axis.

tributed and singular loads avoided.

For the mapping of a line of nodes to a volumetric body, the interpolation between
the nearest neighbour nodes leads to a discontinuous load distribution or displacements.
Alternatively, the connection can be established with radial basis functions (RBFs), as
implemented in MBDyn. Therefore, the interface field is marked with Γ. An accurate
mapping premises that the trace of the virtual displacement of the interface nodes δdΓ

remains equal on both sides,
Tr(δdΓ, f ) = Tr(δdΓ,s) . (3.19)

This mapping function is stated as a minimisation problem, which is solved by a weighted
least squares (LS) approach,

min
∫

Γ
φ
(
Tr(δdΓ, f )− Tr(δdΓ,s)

)2 dA , (3.20)

compare [QMM05]. As a weighting function compact supported RBFs are used.
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The used RBF of order two is formulated as a truncated power function,

φ(r) = (1− r)4
+(4r + 1) , (3.21)

where r = ‖x− xi‖ is the relative node distance, see [QMM05] and [Wen95].

3.4.3 Node mapping for reduced bodies

When handling reduced bodies in the multi-body solver, the kinematics of the master
nodes need to be connected with the interface nodes. In case of the ALM, this is suffi-
ciently specified in the prior Section 3.4.2. A direct mapping from the small set of master
nodes to the line of force is defined without loss of information.

For surface based fluid code the set of interface nodes is significantly larger than the
master nodes of the reduced body. Hence, the transformation matrix of the MOR needs
to be used in order to restore the information of the slave nodes. Concerning the displace-
ment this is defined in Equation (2.9) and must be extended to account for the relative
motion between the reference node and the flexible nodes. By this, the position and veloc-
ity of the interfaces nodes is composed of the rigid body motion and the relative flexible
body motion. In this context, the reference node holds the rigid body motion. Its position
is defined as xO′ . Quantities relative to the reference node are marked with the lower
index rel.

The following equations define the absolute position of the full set of nodes in de-
pendence on the reference node and the current state of the master nodes. The initial,
unexcited states are defined using the lower index 0.

∆xm = xm(t)− xm,0 (3.22)

∆x = T ∆xm (3.23)

x = ∆x + x0 + xO′ . (3.24)

The derivation of the node orientation is straight forward, but not relevant for the surface-
based fluid solvers in this work.

The same holds true for velocities, however rotational terms must be taken into account,

ẋrel = T ẋm (3.25)

ẋabs = ω× rrel + ẋO′ (3.26)

ẋ = ẋrel + ẋabs . (3.27)

With these equations and the mapping of surface nodes to a volumetric body (see Sec-
tion 3.4.2) it is possible to derive the absolute position and velocity of a set of interfacing
surface nodes from a reduced body motion.
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3.4 beam model

In this chapter the MBS framework is specified and computations are applied in the
MBDyn software [MMM14]. The concept of flexible bodies within a MBS is depicted, in-
cluding beam elements and modal bodies on basis of order-reduced bodies. The interface
between mechanical and fluid solver is prepared, which allows the exchange of forces
and body kinematics.

The validation is fulfilled by the example of a wing. The static responses of both beam
and modal body show sufficient agreement with the analytic results. An example of a
full model for a VATT is listed in appendix C.2.
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4
F L U I D D Y N A M I C S

A solid body in a fluid environment experiences forces caused by the surrounding flow.
The flow depends on the shape of the body, boundary condition of the control volume and
physical parameters of the fluid. The field of numerical approaches to the flow behaviour
are named computational fluid dynamics (CFD).

In this work an implementation of a model-based method for lifting devices, called
actuator-line method (ALM) is utilised as CFD solver. The ALM is proposed by [SS02]
for the application in wind energy. The method is integrated in the open source CFD
framework OpenFOAM. An implementation of the ALM is realised by Wenzel in [Wen15]
and its scheme outlined in this chapter.

4.1 openfoam

The fundamental equations of fluid dynamics are stated by Navier [Nav23] and later by
Stokes [Sto45]. The so-called Navier-Stokes equations contain the continuity equation

∂ρ

∂t
+∇ρu = 0 (4.1)

and the momentum equation for compressible fluids

ρ

(
∂u
∂t

+ u(∇u)
)
= ρf−∇p + ν∇2u +

ν

3
∇(∇u) , (4.2)

where ν is the dynamic viscosity, assumed to be constant. [KP01]
In the setups of this work the fluid dynamics can be reduced to incompressible flows,

since effects of compressibility can be neglected for low Mach numbers.
A numerical approach to fluid dynamics is the finite volume method, which is available

in the OpenFOAM [Ope14] framework, a set of solvers and tools initiated by [WT98]. With
OpenFOAM the so called Reynolds-averaged Navier-Stokes (RANS) equations are solved.
The RANS equation are time averaged Navier-Stokes equations, in which the averaging
time span is dependent on the Reynolds number Re. The equations in Cartesian tensor
notation with the Einstein summation convention yields

∂ρ̄

∂t
+ ūj

∂ρ̄

∂xj
+ ρ̄

∂ūj

∂xj
= 0 (4.3)

ρ̄

(
∂ūi

∂t
+ ūj

∂ūi

∂xj

)
= fi −

∂ p̄
∂xi

+
∂Tv,ij

∂xj
, (4.4)
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where ū is the averaged flow and Tv,ij is the viscous stress tensor, representing the so-
called Reynolds stress. [FP12]

In order to solve the Reynolds stresses a turbulence model is used. In this thesis, the
turbulence is modelled with the k-ω-SST model, a two-equation eddy-viscosity model
with shear stress transport (see [Men93]; [Men94]).

The transient formulation of flow problems are solved with the PISO-SIMPLE algo-
rithm (PIMPLE) of OpenFOAM, which is a transient solver for incompressible flows. The
PIMPLE solver is a combination of the transient solver for incompressible flows (PISO)
and the steady-state solver for incompressible, turbulent flows (SIMPLE).

The discretisation of the control volume is done with a rectilinear mesh with local
refinement. The 3D mesh for the simulation of a VATT is exemplified in Figure 4.1.

Figure 4.1.: Cutout of 3D mesh of control volume for VATT simulation. Front side is
symmetry plane.

The mesh is refined at regions where the rotor of the turbine moves through the fluid.
Additionally, the face at the end of the rotor is refined to observer vortex shedding at the
blade tips.

4.2 lifting bodies

Flow problems in application of wind or water energy can be broken down to the flow
around lifting bodies, i.e. wings or blades in terms of turbines. The tower and further
structural parts of a turbine can also be considered as a variant of a lifting body.
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4.2 lifting bodies

The forces on a lifting body result from the surrounding flow. To represent this circula-
tion correctly, a detailed solution of the flow is required. This includes the resolution of
boundary layers, which can be done by a sufficiently fine mesh and turbulence models.
The exact solution of the boundary layer is critical for the accuracy of the computed forces
[KP01].

The resulting forces of a blade are specified as lift fL and drag fD, whereby the lift is
perpendicular to the inflow and the drag parallel as sketched in Figure 4.2. The represent-
ing dimensionless coefficients for an airfoil section are the lift coefficient Cl and the drag
coefficient Cd. They are defined for an airfoil section with a chord length of c as

Cl =
fl

1
2 ρu2c

(4.5)

Cd =
fd

1
2 ρu2c

, (4.6)

where fl is lifting force per span and fd the drag, respectively, and ρ the density of the
fluid. For the entire wing the coefficients CL and CD are

CL =
fL

1
2 ρu2S

(4.7)

CD =
fD

1
2 ρu2S

, (4.8)

with the wing planform area S.

Figure 4.2.: Schematic presentation of lift and drag force acting on a wing with angle of
attack for inflow in x-direction.

The angle of the inflow relative to the chord line is defined as angle of attack α. The
angle of attack is composed of the angle of the inflow and the pitch β,

α = β− arctan
(

uy

ux

)
, (4.9)

in the coordinate system of Figure 4.2.
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Structural parts of the turbine can also be represented with these coefficients, e.g. struts
with a cylindric shape generate zero lift and a constant drag for every angle of attack. By
this, the aerodynamic properties of structural parts are covered by the ALM in Section 4.3
as well.

4.2.1 Potential flow methods

Beside the later proposed ALM, basic methods of fluid dynamics are used in this thesis
in order to provide an estimation of a problem or compare accuracy.

A set of methods for lifting bodies in steady flows are provided by potential flow
methods, such as implemented in the XFOIL [Dre89] and XFLR5 software [Dep10]. The
former offers a panel method computing aerodynamic coefficients of an airfoil section.
The XFLR5 tool is based on XFOIL and solves 3D problems. Both tools assume a constant
inflow and therefore handle stationary problems only. The available solvers in XFLR5
are a lifting-line theory (LLT), vortex lattice method (VLM) and a 3D panel method. The
LLT and the VLM are outlined in appendix A.2.1 and A.2.2. A short derivation of the
numerical panel method and its system matrices is depicted in the following.

Numerical panel method

The panel method offers a numerical approach to potential flow problems. This assumes
that the fluid is principally steady, which however varies if a transient wake distribution is
concerned. Further assumptions for the fluid are incompressible, inviscid and irrotational.

In the following a short derivation of the basic equations is depicted, compare [KP01].
The interface area between body and fluid shall be defined as surface Γ f . By solving
the Laplace’s equation for the mentioned assumptions, the total potential of the control
volume becomes zero,

∇2Φ = 0 . (4.10)

With the Green’s identity the velocity potential can be expressed as a distribution of
sources σ and doublets µ,

Φ = − 1
4π

∫
Γ f

[
σ

(
1
r

)
− µn∇

(
1
r

)]
dΓ + Φ∞ , (4.11)

with vector n as surface normal and the free-stream potential Φ∞.
After a short computation and defining a potential for the body wake, the potential

states
1

4π

∫
body+wake

µ
∂

∂n

(
1
r

)
dΓ− 1

4π

∫
body

σ

(
1
r

)
dΓ = 0 . (4.12)
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4.2 lifting bodies

The surface is discretised with np panels and the coefficients for the integration summa-
rized in am for the doublets and bm for the sources. For each collocation point and each
unknown doublet strength µm the Equation (4.12) becomes

∑
m

amµm = −∑
m

bmσm (4.13)

and gathered in a matrix formulation to solve the np equations,

A · µ = −B · σ . (4.14)

Knowing the doublet distribution, the resulting force of a panel can be derived. The
local coordinates of a panel are defined as (x̃, ỹ, z̃) and thus the local velocity um. Further-
more, the pressure coefficient cpm and force coefficient c fm are introduced. The area of a
panel is declared as Sm.

um = u∞m +

(
−∂µm

∂x̃
,−∂µm

∂ỹ
,−σm

)
(4.15)

cpm = 1− u2
m

u2
∞

(4.16)

c fm = − cpm Sm

S
· nm (4.17)

fm = c fm

1
2

ρu2
∞S (4.18)

=

(
1− u2

m
u2

∞

)
Sm · nm ·

1
2

ρu2
∞ (4.19)

With the Neumann boundary condition for the body surface follows

σ = n · u∞ . (4.20)

An open source implementation is provided by [Baa12].

4.2.2 Streamtube methods

An approach specialised for vertical-axis turbines is the double-multiple streamtube (DST)
method. Its basis, the multiple streamtube method is initially developed by [Str75]. It is
an extension of the of blade element theory (BET) and a single streamtube model applied
to vertical-axis turbines. For the BET, a precomputed table of aerodynamic properties of
the airfoil is required.

The streamtube model observes the flow passing the turbine. In the multiple stream-
tube method the observed flow is discretised with multiple strips. In the DST, published
in [Par81], the flow is split into up- and downstream side. An open source implementa-
tion is available by [Val14].
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4.2.3 Analytic lift distribution

In order to provide an estimation of aerodynamic forces of a finite wing an analytic
approach is used. The LLT provides a solution for the case of a wing with a constant
downwash. The solution is an elliptic circulation distribution, as formulated in [Pra23].

The circulation strength is thus

Γ(z) = Γ0

√
1− 2z

s

2
, (4.21)

where z is the coordinate in span direction. For a given total wing lift coefficient CL and
an integration over the circulation strength the prefactor states

Γ0 =
2u0SCL

sπ
. (4.22)

4.3 actuator-line method

The ALM is a model-based approach to determine resulting forces of a lifting body and
the influence on the fluid flow. Instead of resolving the surrounding flow with a detailed
boundary layer, a reduced model is applied. The ALM thereby represents the blade as
a line of additional forces in the momentum equation. It was firstly applied on wind
turbines by [SS02], later by [TSM07]; [Tro08] and [WM10]. A discretised actuator-line is
schematically displayed in Figure 4.3. The actuator line can be interpreted as a line of
actuator points, where each point represents the section-wise dynamics of the blade. These
dynamics are processed in two ways. First, they provide the local lift and drag forces of
the body in dependence of the flow field. Furthermore, they are applied to the momentum
equation and determine the influence of the body on the surrounding flow.

Figure 4.3.: Concept of an actuator-line representing force acting on the fluid generated
from wing. Force is split in lift and drag.
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4.3 actuator-line method

The reduced model is based on results of experiments or a panel method. The basis
is defined by a list of lift and drag coefficients for different angles of attack. This basis
states as a mapping of inflow parameters to resulting forces ALM : u 7→ fL, fD. For 3D
problems the distribution of the forces is calculated from 2D coefficients with a correction
based on the induced velocity of a panel method with vortex elements (compare [Wen15]).
The 2D coefficients are stored in a so-called look-up table.

This chapter outlined a set of numerical approaches to fluid dynamics. Flow problems
in the context of turbines can be reduced to the dynamics of lifting bodies, characterised
by their aerodynamic coefficients.

The ALM applied to RANS equations is used in this thesis to solve dynamics of lifting
bodies in connection with a FSI. Beside this advanced approach, potential flow methods
and a specialised approach for vertical-axis turbines are described.

31





5
F L U I D - S T R U C T U R E I N T E R A C T I O N

The influence of the fluid on the body and vice versa is defined as FSI occurring in many
technical applications, such as the wing flutter of an airplane [BE98] or in turbomachines
[Vah+01]. This chapter depicts how to engage the simulation of a FSI phenomenon.

The interaction occurs in different scales, which can be distinct into two coupling types,
weak and strong FSI. A strong, also called two-way FSI occurs at a ratio of solid to fluid
density of approximately ρs

ρ f
< 103 [BKF12]. At higher ratios the coupling can be assumed

as weak or one-way coupling, i.e. the fluid has an influence on the body, but the motion
of the body has none on the fluid within a time step.

The interface between fluid domain and body is defined by a set of interface conditions.
The first condition demands equal displacement dΓ for the fluid, lower index f , and the
body, lower index s,

dΓ f = dΓs . (5.1)

The second condition assumes equal velocities,

uΓ f = uΓs , (5.2)

and the third equal forces or stresses, respectively,

fΓ f = fΓs . (5.3)

An implicit coupling enforces the interface states on all domains to be equal and is thus a
strong coupling. In explicit coupling, only the interface conditions (5.2) and (5.3) are ful-
filled explicitly with an iterative scheme, and it is therefore referred to as a weak coupling
[Fer11].

The coupling of the two physical domains fluid and body requires the exchange of
information, in general the forces of the fluid acting on a body and the spatial position of
the body itself. The sequence in which the exchange takes place can vary, as the type and
concept of fluid and mechanical solver differ. The different methods will be referred to as
coupling method. The principal sequences of the solver calls are outlined in Figure 5.1.

The two different approaches to the coupling method are the partitioned approach, on
which every solver is principally executed stand-alone, and the monolithic approach, at
which the governing equations of both systems are coupled and solved at once [HWD04].
The advantages and drawbacks of each coupling method depend strongly on the coupling
type and on the solvers used on each domain [HWL12].
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monolithic

domain 1 domain 2

so
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n

n + 1

partitioned

weak

solver 1

solver 2

n

n + 1

strong

solver 1

solver 2

n

n + 1

[ July 30, 2015 at 9:38 ]

Figure 5.1.: Sequence of solver calls of different approaches for time step n. Domains are
marked with different levels of grey.

The advantage of the monolithic approach is potentially lower computational costs in
a strong coupling scheme, as the exchange of information is explicitly fulfilled in the
system equation. In contrast, the partitioned approach requires a transfer of information
over the interface after every solution step until convergence is reached. Particularly for
strong FSI problems, the number of convergence iterations is large [Deg+08]. For a weak
coupling the advantage of the monolithic approach drops, since only a single exchange is
performed per time step.

Regarding the choice of solvers, the advantage of less convergence steps in the mono-
lithic approach may vanish. If large systems are handled, it becomes a drawback to
handle both fluid and mechanical problem in one system of equations [FWR07]. Another
drawback is caused by large deformation, which may require a cost intensive remeshing
[GTK06].

Beside performance considerations, the implementation needs to be examined. Firstly,
some solution processes inhibit the generation of a node-by-node connection to another
solver for a monolithic approach. This is the case, if both solvers base upon iterative pro-
cedures. Furthermore, in terms of stability it is suitable to use separate solvers [Wen06].
Thereby, known problems can be identified and distinguished from those, which rise up
from the interaction.
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5.1 partitioned approach

In this work the partitioned approach is applied to FSI problems. It provides the flexi-
bility to choose the ALM on the fluid side for an optimized and parallelised CFD solver.
Furthermore, the complexity is kept low and problems on each domain can be mastered
a priori by running the solvers separately.

Nevertheless, a monolithic approach will be depicted and implemented in principle to
verify the concept.

5.1 partitioned approach

The partitioned approach couples both solvers over an interface Γ. The solvers are defined
as mapping of interface displacements to forces and vice versa. The mechanical solver
yields SΓ : dΓ 7→ fΓ and the fluid solver FΓ : fΓ 7→ dΓ. Against the background of a
time marching scheme, the latest time step is marked with the upper index with n and
the currently computed time step is marked with n + 1 and the current convergence step
with k + 1. The interface displacements, dΓ, i.e. the body positions, are a function of the
interface forces,

dn+1
Γ = SΓ(fn+1

Γ ) . (5.4)

In return, the interface forces are a function of the displacement,

fn+1
Γ = FΓ(dn+1

Γ ) . (5.5)

In the partitioned approach, the interface conditions are handled explicitly. In order to
fulfil the force condition (5.3) an estimation of the interface displacement is computed by

d̃n+1
Γ,k+1 = SΓ

(
FΓ(dn+1

Γ,k )
)

. (5.6)

Equation (5.6) leads to a fixed-point problem, which defines the constitutive fluid-
structure interface problem [DBV09],

rn+1
Γ,k+1 = d̃n+1

Γ,k+1 − dn+1
Γ,k

!
= 0 . (5.7)

The fixed-point problem is solved by sequentially reinserting the solvers’ results until
convergence is reached. The convergence criterion is reached, when the residual rn+1

Γ,k+1
drops under a bound η, ∥∥∥rn+1

Γ,k+1

∥∥∥2

√
nΓ

< η , (5.8)

where nΓ is the number of interface states [BKF12]. Instead of displacements, all interface
states can be monitored, gathered in the interface state vector

qΓ =

[
dΓ

fΓ

]
(5.9)
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and thus

rn+1
Γ,k+1 = q̃n+1

Γ,k+1 − qn+1
Γ,k . (5.10)

The sequence of the solver calls differs in the convergence step the operation is related
to [Weg10]. In the Jacobi method each solver uses the results of the previous convergence
step. A Gauß-Seidel method calls one solver first and then hands over the estimation to
the second solver within the current convergence step. For a Jacobi method this yields

dn+1
Γ,k+1 = SΓ(fn+1

Γ,k ) (5.11)

fn+1
Γ,k+1 = FΓ(dn+1

Γ,k ) , (5.12)

whereas a Gauß-Seidel method yields

dn+1
Γ,k+1 = SΓ(fn+1

Γ,k ) (5.13)

fn+1
Γ,k+1 = FΓ(dn+1

Γ,k+1) . (5.14)

The Gauß-Seidel method is common in FSI problems which are not fully parallelised,
compare [BKF12]; [KW08]; [DBV09]; [BS06]. It is also chosen for the scope of this work.
The sequence of the solver calls and the convergence loop is indicated in Figure 5.2.

F S η > ||rΓ||2 ?

n = n + 1

F
fn+1

Γ,k+1 dn+1
Γ,k+1 dn+1

Γ,k+2 fn+1
Γ,k+2

[ July 23, 2015 at 16:59 ]

Figure 5.2.: Sequence of solver calls in partitioned approach with convergence criterion at
time step n and convergence step k.

Beside the depicted sequence, another approach is applicable, in which the inverse of
the mechanical solver S−1

Γ is available, as shown in [KW08] or mentioned by [UB13]. How-
ever, the inverse is not accessible for the MBS solver used in this work.

To reduce the overall computational time, a method for the acceleration of convergence
is employed, depicted in the Section 5.2.
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5.2 relaxation schemes

5.2 relaxation schemes

The reduction of coupling steps is commonly carried out by an underrelaxation of the
interface states, as in [Vie06]. Relaxation is applied before every convergence step by the
following formula,

dn+1
Γ,k+1 = ξk+1d̃n+1

Γ,k+1 + (1− ξk+1)dn+1
Γ,k . (5.15)

The relaxation parameter ξ thereby ranges from 0 to 1.
A common relaxation scheme is the Aitken’s underrelaxation [KW08] computing the

scalar relaxation parameter ξ. This scheme can also be extended to a vectorial formulation
using ξ.

A set of other schemes is based on the concept of Newton-Raphson iterations [DBV09].
A Newton-Raphson iteration in order to compute the interface displacement is applied
by

r′Γ,k+1∆dΓ,k = −rΓ,k (5.16)

dΓ,k+1 = dΓ,k + ∆dΓ,k . (5.17)

Here, the Jacobian matrices r′Γ,k+1 =
∂rΓ,k+1

∂dΓ
of the solvers are not directly accessible. How-

ever, they can be computed approximatively, thus these schemes are called quasi-Newton
iterations and will be depicted in Section 5.2.2.

5.2.1 Aitken’s underrelaxation

The underrelaxation by Aitken or Aitken’s ∆2 method is a series acceleration, which im-
proves convergence rates with the use of the previous two convergence steps. The formula
for the accelerated step x′ is

x′k = xk −
(xk − xk−1)

2

xk − 2xk−1 + xk−1
, (5.18)

see [Mac86]. In terms of Equation (5.15), the scalar underrelaxation scheme can be formu-
lated as

ξk+1 = −ξk
rk

rk+1 − rk
, (5.19)

with rk+1 = x̃k+1 − xk. This scheme can be applied to ‖rk+1‖2, in this case ξ becomes a
global relaxation parameter. Alternatively, it can be applied node-wise, where Equation
(5.19) is calculated for each node separately.

Instead, the interface states can be handled as vector. A vectorial approach is formu-
lated as

ξk+1 = ξk
rT

k (rk+1 − rk)

‖rk+1 − rk‖2 , (5.20)
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see [KW08] and [IT69].
In the application of all schemes it is suitable to apply a limit,

ξ = max(ξ, 1) (5.21)

ξ = min(ξ, ξmin) . (5.22)

The lower bound ξmin is set to a small value. If ξk would become zero, Equation (5.19) is
zero for following ξk+1 terms.

The formulation of the Aitken relaxation for vectors can vary, see [Mac86]. However,
Bogaers, Kok, and Franz and other already have showed the advantage of quasi-Newton
methods.

5.2.2 Quasi-Newton methods

Quasi-Newton methods accelerate the convergence of the fixed-point iterations by adapt-
ing the Newton-Raphson algorithm. Since the Jacobian r′Γ,k+1 is not accessible, an approx-
imation based on the system dynamics is considered. The previous steps of the coupling
iterations reflect these dynamics. Gathering the steps in an observation matrix, an approx-
imative Jacobian matrix can be computed. The observation matrices for the residuals and
the displacements are

Vk =
[
∆rk

Γ,0, . . . , ∆rk
Γ,k−1

]
with ∆rk

Γ,i = r(dΓ,k)− r(dΓ,i) (5.23)

Wk =
[
∆d̃k

Γ,0, . . . , ∆d̃k
Γ,k−1

]
with ∆d̃k

Γ,i = d̃Γ,k − d̃Γ,i , (5.24)

with Vk, Wk ∈ Rnk×nΓ containing the number of convergence steps nk and the number
of states nΓ. The residual r is defined as r(dΓ,k) = d̃Γ,k − dΓ,k, see Equation (5.7). The
quasi-Newton method is considered as mapping from a computed displacement, as in
Equation (5.6), to an accelerated state, QN : d̃Γ,k+1 7→ dΓ,k+1 for the current convergence
step k.

The change in the next convergence step is assumed to be a linear combination of the
prior states

∆rΓ,k ≈ Vkα (5.25)

∆d̃Γ,k ≈ Wkα , (5.26)

with α ∈ Rnk . In most cases the number of gathered steps is smaller than the interface
states nk < nΓ and thus Equation (5.25) is overdetermined. A solution for α is then
received by LS approximation,

α = (Vk)−1∆rΓ,k . (5.27)
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Using the definition of Equation (5.7), Equation (5.26) yields

∆dΓ,k+1 = Wkα− ∆rΓ,k . (5.28)

Assuming the desired residual for the current convergence step to be zero

∆rΓ,k = 0− rΓ,k , (5.29)

and taking into account Equation (5.16) it yields

∆dΓ,k+1 = Wkα + rΓ,k (5.30)

= (r′Γ,k)
−1(−rΓ,k) . (5.31)

Thus, the Jacobian matrix is not explicitly computed, but the resulting product, compare
[BKF12].

The accelerated displacement finally yields,

dΓ,k+1 = Wk
(
(Vk)−1∆rΓ,k

)
+ d̃Γ,k . (5.32)

However, for the first two convergence steps of an iteration, a constant relaxation is ap-
plied, since at least two steps are needed in order to construct the observation matrices.
An alternative to a constant relaxation is depicted in Section 5.2.5.

This scheme is strongly dependent on the quality of the LS estimation and the accuracy
of its implementation. Furthermore, by gathering convergence steps of multiple time
steps, the method may fail, since it is sensitive to large changes in the observation matrices
or a too large number of observed steps.

5.2.3 Proper orthogonal decomposition

The proper orthogonal decomposition (POD) evades the sensitivity to ill-conditioned ob-
servation matrices of the LS-based approach. It achieves an optimal, lower dimensional
approximation of the observed data.

In this scheme previous states and errors are gathered and the dynamic decomposed
into its eigenspace. This way, only the parts with the largest influence are taken into ac-
count or in terms of eigenmodes, parts with the highest energy.

The decomposition is applied to the autocorrelation matrix

Rv =
1

nn
VVT , (5.33)

with nn as the number of rows of V. By solving the eigenvalue problem

RvXΓ,v = λΓ,vXΓ,v , (5.34)
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with Rv ∈ Rnn×nn , λΓ,v ∈ Rnv , the eigenvector matrix XΓ,v ∈ Rnn×nv with nv eigenvalues
is obtained. Since the autocorrelation matrix Rv is symmetric and positive semidefinite,
an eigensolver, which benefits from the properties of a selfadjoint matrix is used. For the
used implementation, see [Gun+13].

The basis modes of the system are computed as a linear combination of the eigenvectors

ϕ = XT
Γ,vV . (5.35)

In order to drop irrelevant observed dynamics only the highest nc-th modes ϕi are used.
The corresponding eigenvalues are denoted by λi of the eigenvector in xv,i. The bound is
defined by

λ1

λc
≤ 1012 , (5.36)

where λ1 is the highest and λc the smallest eigenvalue used. An advantage of this limita-
tion is the ability to use an iterative eigensolver and solve only for the first nc modes.

Now, Equation (5.25) can be expressed by new basis modes,

∆rΓ,k+1 ≈ ϕαv (5.37)

and is inserted in Equation (5.28). In order to reduce numerical errors, the new term is
solved with a linear solver based on a Householder QR-decomposition depicted as

∆d̃n+1
Γ,k+1 = WTXΓ,v

((
ϕT
)−1

∆rn+1
Γ,k

)
. (5.38)

The definition of Equation (5.32) with a POD states then

∆dn+1
Γ,k+1 = WTXΓ,v

((
ϕT
)−1

∆rn+1
Γ,k

)
+ d̃Γ,k+1 . (5.39)

This scheme was originally developed by [BKF12], but in the scope of this work extended
to the LS approach introduced in [DBV09].

5.2.4 Choice of states

In the quasi-Newton methods illustrated above, the observation matrices hold the residual
rΓ and the interface displacement dΓ. However, the choice of states may differ, as [BKF12]
considers forces and positions, whereas [UB13] refers to states in general. In [DBV09] the
states are limited to interface displacement, as in the sections above.

In the present work the relaxation schemes are based on the interface displacements
as shown in [DBV09]. The other schemes are implemented and examined, though. The
convergence rates are similar, as affirmed in [Bog+14], but the residual based approach
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5.3 studies of convergence

retains fewer states in the observation matrix achieving a potentially lower computational
time.

The set of states can be extended to interface velocities ḋΓ, which are relaxed by passing
the interface. A relaxation of velocities is implemented and examined in Section 5.3. The
relaxation of the velocity has a large influence on setups in which the body velocity is
approximately in the same order of magnitude as the fluid flow, as it directly influences
the resulting forces of the ALM. A velocity relaxation cannot be applied for every method,
though. A quasi-Newton method based on displacements and forces, presumes that two
observation matrices of the same size for two sets of states can be created.

5.2.5 Initial iteration step

Some acceleration methods such as the Aitken’s method fail in calculating correct relax-
ation factors for time step crossovers. Thus, a constant relaxation is commonly used for
the first convergence steps of a time step.

A method proposed by [Gal10] evades this conservative approach using polynomial ex-
trapolation. The previous np interface displacements are used to extrapolate the displace-
ment of the first iteration step dΓ,0 in order to additionally accelerate the convergence
loop.

The polynomial extrapolations for 1st to 3rd order are

dn+1
Γ,0 = 2dn

Γ − dn−1
Γ (5.40)

dn+1
Γ,0 = 3dn

Γ − 3dn−1
Γ + dn−2

Γ (5.41)

dn+1
Γ,0 = 4dn

Γ − 6dn−1
Γ − 20

3
dn−2

Γ − dn−3
Γ , (5.42)

where dn
Γ is the converged displacement of the previous time step n. [Gal10]

Beside the potential acceleration, the extrapolation provides stability, since the first
steps are often error-prone and result in large displacements or forces.

5.3 studies of convergence

As a reason of comparing the acceleration of the listed methods, a study of convergence
of the tolerance η was carried out. For reference, a constant relaxation of 0.5 is used. The
number of convergence steps of the constant relaxation is compared to an Aitken method
with node-wise relaxation. The initial constant relaxation for the Aitken scheme is 0.5.
Quasi-Newton schemes in this study observe all past steps, including time step changes.
The initial relaxation for the first step is 0.1.
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The analysed setup is an order-reduced model of a wing coupled to a panel code. The
wing is pitched with a sinusoidal function over time and deflected by the flow. The FE
model of the wing has a Young’s modulus of aluminium and the fluid medium is water.
The resulting average number of convergence steps n̄k are plotted in Figure 5.3.
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Figure 5.3.: Study of convergence rates for different relaxation schemes. Average number
of convergence steps is plotted against convergence bound on a logarithmic
scale.

The constant relaxation in this study offers a stable solution with a linearly increas-
ing number of convergence steps per refined tolerance. The Aitken method accelerates
convergence observably and keeps below 15 iterations for low tolerances.

The quasi-Newton methods need nearly half the steps of the Aitken method. For a
lower tolerance the POD uses slightly fewer steps than the LS approach. The difference
increases for stiffer problems and a larger amount of observed steps.

Nevertheless, the LS approach can give good convergence rates for stiff problems. But
this requires well-conditioned matrices aided by the limitation of the number of observed
convergence steps.
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5.4 monolithic approach

In a further study, the available methods are applied to the coupling with the ALM. The
scenario is an airfoil in water flow mounted on a spring suspension (compare [MPB11]).
The suspension allows a heave and pitch motion so the fluid deflects the airfoil. The
resulting average iteration steps of the simulation are listed in Table 5.1.

The POD is applied to different states, which are force, displacement and velocity of the
interface. As a basis both, residuals and direct states are used. The number of observed
previous steps is varied. In the LS approach the observation matrix is reset after every
time step.

The lowest number of convergence steps is achieved by the POD approach based on
residuals and relaxing forces only. For other setups this result may vary, because the relax-
ation of forces is an intervention in the ALM and thus divergence can occur. Similarly, the
constant relaxation can give good convergence rates for a light relaxation of 0.8, however
can potentially fail with divergence in a single time step. The LS approach can give good
rates as well, but is sensitive to time step changes and larger observation matrices.

The acceleration rates are strongly problem-dependent. Reviews show the potential of
current methods [Lin+15]; [BD12]. For the presently examined setups conservative meth-
ods provide sufficient convergence rates, because the problems analysed in this work are
generally non-stiff. For stiff problems, quasi-Newton methods reveal their strength.

For further simulations in connection with the ALM, the observed states are limited to
30-50 convergence steps, which equals up to eight time steps. This yields a good trade-off
between acceleration and computational costs of the accelerating method itself. The cost
intensive element of the POD is mainly the computational time of the eigensolver.

5.4 monolithic approach

In a monolithic approach to FSI, both the mechanical and the fluid system equations are
dealt with by one solver. This approach is illustrated by the example of a coupling to
a numerical panel code (see Section 4.2.1). This implementation belongs to the Newton-
Raphson based methods in contrast to other, such as an arbitrary Lagrangian–Eulerian
(ALE) based methods [HT06].

The system matrices of the MBS and the panel code are based on a combined set of
states. The set contains firstly the position of the body and excitation of the flexible
eigenmodes, respectively. The remaining states include the fluid properties, which are
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Table 5.1.: Average number of iteration steps for different relaxation schemes and ob-
served steps used by coupled simulation with the ALM. The problem configu-
ration is derived from [MPB11]. Observed steps marked with ∗ were reset after
a time step.

method relaxed states basis observed steps average iterations

constant fΓ – – 86.3
POD fΓ residuals 30 23.4
POD fΓ residuals 50 25.0
POD fΓ residuals 100 26.6
POD dΓ residuals 30 31.1
POD fΓ, dΓ residuals 30 24.2
POD fΓ, dΓ, ḋΓ residuals 30 25.8
POD fΓ states 30 42.9
POD fΓ, dΓ states 30 42.9
LS fΓ residuals 5∗ 27.9
LS fΓ residuals 15∗ 34.3

the doublet strengths per panel. Additionally, the momentum states p from Equation
(3.5) are included in form of the constraining forces fl ,

q∗ =


xl
ẋl
fl

µm

 . (5.43)

The state vector is of the size q∗ ∈ Rnn·(3·6)+np , where nn are the number of nodes in the
MBS and np are the number of panels. The lower index l lists all nn nodes and the index
m all np panels.

Concerning the definition of the Newton-Raphson scheme in Equation (3.11) the Jaco-
bian matrix is defined as Jq̇ = ∂r

∂q̇ = f (q, q̇). In the new system including the panel states,
the residual function is defined as rp = f (q, q̇, µ) and thus the Jacobian matrix yields

Jq̇∗ = f (q, q̇, µ̇) = f (ẋ, ẍ, µ̇) . (5.44)

The panel code Equations (4.14) need to be integrated into the Newton-Raphson steps
to enable a solution of both domains using the MBS solver. Regarding the solution step
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in Section 3.2, the residual function rp and the corresponding Jacobian matrix must be
formulated as

Jµ = −A (5.45)

:=
(

∂µi

∂µj

)
(5.46)

rµ = B · σ + A · µ . (5.47)

Using these definitions a regular Newton-Raphson step leads to the solution of the
panel code,

xk+1 = xk − J−1
µ (xk)f(xk) (5.48)

µk+1 = µk − J−1
µ r (5.49)

= µk − J−1
µ

(
B · σ + A · µk

)
(5.50)

= −J−1
µ (B · σ) (5.51)

= A−1 (B · σ) � . (5.52)

In this definition both the mechanical and fluid problem are solved simultaneously, how-
ever not connected to each other. The connection is described in the off-diagonal entries
of the Jacobian matrix. The entries are computed by partial derivatives of the panel code
with respect to mechanical states.

The entries of the Jacobian matrix concerning the forces acting on the body are derived
in the following. Thereby, rotational parts of the MBS state vector are neglected, since
the position and velocity of the panel nodes define the force components entirely. The
doublet strength derivative of a panel in the local coordinates (x̃, ỹ, z̃) is defined as µ̇m =(
− ∂µx̃

∂x̃ ,− ∂µỹ
∂ỹ ,−σz̃

)
.

The force per panel is a function of the pressure coefficient, the panel area Sm, the panel
normal nm and the global velocity u∞ and local velocity um for each panel m, see Equation
(4.19),

fm = f (cpm , Sm, n, um) (5.53)

=

(
1− u2

∞m

u2
∞

+
µ̇

u2
∞

)
· Sm · n ·

1
2

ρu2
∞ (5.54)

= 1
2 Smnρ

(
u2

∞ − u2
∞m

+ µ̇
)

. (5.55)
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The entries of the Jacobian matrix with respect to position and doublet strength are
computed,

∂fm

∂ẋ
= Smnρ (u∞ − u∞m) (5.56)

∂fm

∂µ̇
= 1

2 Smnρ (5.57)

The derivative with respect to the position is calculated from equation (4.14) and (4.20),

∂µ

∂ẋ
= B · (−n) . (5.58)

Gathering all the terms of the Jacobian matrix Jq̇∗ , the coupling is defined explicitly
and executed in the Newton-Raphson iterations. The missing sub-matrices of the Jaco-
bian matrix ∂ẋ

∂f , ∂ẍ
∂f , ∂f

∂f , ∂µ
∂f , ∂x

∂µ are zero or can be neglected, since they are not influencing
the interface between body motion and forces.

The implemented monolithic approach achieves satisfactory convergence and accurate
results for a basic and stationary setup. The configuration inhibits deeper examination,
because the integrated panel method lacks flexibility and transient terms. In addition, the
solver structure of MBDyn is not designed for numerous states, which are added by the
panel method. Therefore, panel code methods use adapted solvers for large system of
equations, such as the biconjugate gradient stabilized method (BiCGSTAB) of [Vor92] in
[Baa12].

This chapter depicts the different approaches to solve a FSI problem. The partitioned
approach is presented in detail, including methods to accelerate the convergence rates.
The parameters of the acceleration methods are tuned problem-dependent.
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VA L I D AT I O N

The depicted solvers for the fluid domain and the FSI coupling will be verified with ana-
lytic approximations and validated with experimental results. A step-by-step validation
of components of the entire simulation is required to assure correct statements regarding
the dynamics of a complexer model. On the fluid side the properties of a 3D blade in a
stationary parallel flow are validated including both scalar results and distributions. The
FSI side is validated for a stationary solution with a wing deflection and for a transient
solution with a gust response of a turbine in a 2D domain. Finally, quasi-steady power
coefficients of a VAWT and a VATT are compared to experimental results.

6.1 steady-state results

In a stationary setup, a blade is exposed to a uniform, constant flow hitting the blade with
the angle of attack α. The simulation can be either computed with the stationary solver
SIMPLE or with the transient solver PIMPLE. The latter simulation is run, until the blade
forces are converged to a steady state. In the simulations in this chapter, PIMPLE is used
for reasons of stability.

The resulting forces of the simulations are compared as non-dimensional quantities, i.e.
lift and drag coefficient. The flow regime is defined by the Reynolds number and the
fluid is air in all stationary studies.

straight wing , naca0015 In the experiments of [MT91] a wing in a parallel flow
is examined. Detailed pressure distributions and derived quantities are proposed. The
analysed straight wing has a NACA0015 airfoil section. Results of two flow regimes are
extracted from the experiments with a Reynolds number of 1.50 · 106 and 2 · 106, respec-
tively. Further values are listed in Table 6.1. The wing in this configuration is unswept,
i.e. it is orientated perpendicular to the flow.

The experimental setup is realised in an ALM simulation. The used look-up tables for
the 2D aerodynamic coefficients are based on the experiments in [SK81].

Additionally, the wing is computed in a LLT, a VLM and a panel method. Resulting
lift and drag coefficients are listed in Table 6.2.

The error of the ALM relative to the experimental coefficients is below 10 % and the
result can compete with the potential flow methods, but the ALM over-determines the
lift coefficients for the analysed regimes. The potential flow methods are a more robust
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Table 6.1.: Geometric configuration of wing and flow parameters for experiments in
[MT91]. Derived values from the experimental description are listed separately.

airfoil section NACA0015
pitch β = 6◦, 8◦

aspect ratio A = 6.6
sweep angle 0◦

chord length c = 20.4 in = 0.51816 m
dynamic viscosity ν = 1.50 · 105 N s m−1 (air, 20◦)
density ρ = 1.205 kg/m3

Reynolds number Re = 1.50 · 106, 2 · 106

derived values

inflow u0 = Re/c · ν = 43.4, 57.9m s−1

span length s = c ·A = 3.419856 m

Table 6.2.: Comparison of lift coefficients of rectangular wing to experimental data in
[MT91] for different methods, Reynolds numbers and angles of attack.

Re α method

exp. ALM LLT VLM panel

1.5 · 106 8◦ 0.617 0.670 0.641 0.615 0.626
2 · 106 6◦ 0.471 0.502 0.488 0.464 0.471
2 · 106 8◦ 0.613 0.670 0.645 0.615 0.626

choice for stationary problems, but are inapplicable for subsequent transient problems of
vertical-axis turbines.

tapered wing , naca0015 In a further validation, aerodynamic coefficients of a ta-
pered wing are compared to experimental and numerical results. The experimental setup
of [WF58] is used and its parameters listed in Table 6.3. A principal sketch of the config-
uration with its symmetry plane is displayed in Figure 6.1.

The look-up table of aerodynamic coefficients is generated from results in [SK81] as
well.

The resulting lift and drag coefficients are listed in Table 6.4. The LLT diverged for the
given setup, so no values are listed.

The resulting lift coefficient of the ALM has a larger relative error compared to the
results of the straight wing. The drag coefficient is smaller than in the experiment and the
potential flow methods. This implies a sensitivity of the ALM to the used look-up tables.
For simulations with a strong dependence to the drag, the tables need to be generated
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Figure 6.1.: Schematic configuration for fluid simulation of tapered wing with local co-
ordinate system and symmetry plane. Direction of inflow is marked with
arrows.

with caution and viscous models used for calculation of the coefficients. Nonetheless, this
validation shows the capability of the ALM to simulate shaped blades.

6.1.1 Lift distribution

The lift distribution of a wing in a steady flow is validated with experimental results
from [MT91]. This is an extension of the validation of scalar aerodynamic coefficients
in the prior section. It assures a correct load distribution in FSI application, not only a
correct entire load. The parameters of the setup are the same as listed in Table 6.1. The
ALM approach in this setup is corrected with a model based distribution of the induced
velocity, compare Section 4.3.

The resulting distribution of the section-wise lift coefficient is displayed in Figure 6.2
and Figure 6.3 and compared to experimental results of [MT91]. In the former, the lift
coefficients from potential flow methods are added and an elliptic distribution displayed
as well. The coordinate system the results are related to is according to Figure 6.1.

The lift distribution of the ALM is in very good agreement with the experimental results
for the analysed Reynolds numbers and pitches. It surpasses potential flow methods in
this context. The elliptic approximation is an acceptable approach using only a scalar
value as reference.

All numerically determined distributions share a declining lift at the wing tip, but the
experimental results show a small peak at the outer 5% of the wing. This peak arises
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Table 6.3.: Geometric configuration of tapered wing and flow parameters for experiments
in [WF58]. Derived values from the experimental description are listed sepa-
rately.

airfoil section NACA0015
pitch β = 8◦

semi-span length s/2 = 3 ft = 0.9144 m
aspect ratio A = 3
sweep angle 0◦

root chord length croot = 33.110 in = 0.840994 m
mean chord c = 24 in = 0.610 m
taper ration Λ = 0.45 =

ctip
croot

planform area S = 6 ft2 = 0.557 m2

dynamic viscosity ν = 1.500 · 105 N s m−1 (air, 20◦)
density ρ = 1.205 kg/m3

Reynolds number Re = 0.912 · 106

derived values

inflow u0 = Re/c · ν = 22.5 m/s
tip chord ctip = 0.3785 m

Table 6.4.: Comparison of lift and drag values of a tapered wing to experimental data in
[WF58] for different methods. Diverged results of the LLT are omitted.

exp. ALM LLT VLM panel

CL 0.4125 0.533 – 0.453 0.454
CD 0.03 0.008 91 – 0.0290 0.0289

from the wake roll up and the resulting downwash, respectively. The potential flow
methods include this downwash in their solution and thus the ALM with its correction.
An ALM without corrected induced velocity evolves the peak as well, but provides overall
an improper distribution.

6.1.2 Wing deflection

In this numerical experiment the stationary response of the FSI coupling is validated with
an analytic approximation. The setup is a finite, straight and rectangular wing, as used
in the experiment in [Jon52]. Since no continuous resulting force distribution of the wing
is given, an analytic approximation is required. A solution for this basic flow problem is
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Figure 6.2.: Lift coefficient distribution of wing in parallel flow for different methods com-
pared to experimental data in [MT91] for Re = 1.5 · 1010 and pitch 8◦. Dis-
tribution is plotted against span length. An elliptic distribution is presented
scaled with total lift.

approximated with the infinite LLT. The resulting lifting force for a straight wing shows
an elliptic distribution.

To complete the approximation of the FSI, the mechanical properties of the wing are
represented by beam theory.

The lift force acting on a wing is proportional to the circulation strength Γ generated by
the wing in a given flow. According to the analytic solution for a parallel flow in Section
4.2.3 the circulation distribution Γ(z) is an elliptic function, defined in Equation (4.21).
The local lift force at the position z can be computed from

L(z) = ρu0Γ(z) , (6.1)
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Figure 6.3.: Lift coefficient distribution of wing in parallel flow of the ALM compared to
experimental data in [MT91] for Re = 2 · 1010 and pitch 6◦ and 8◦. Distribution
is plotted against span length.

see [And85].

The mechanical response of a beam with a distributed load will be approximated by the
Euler-Bernoulli beam theory. The bending line of the beam depends on the area moment
of inertia, the Young’s-modulus, load distribution and boundary conditions. Since the
wing is symmetric, only the half of the wing is analysed, thus the lift has to be scaled
by 1

2 .

The fourth derivative of the bending line is defined as

EIwIV = q(z) = L(z)/2 . (6.2)
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After four integrations and inclusion of the boundary conditions for bearing in the
middle of the full wing, it yields

EIw(z) =
k1

384
sz(3s2 + 16z2) arcsin

(
2z
s

)
+ ...

· · ·+ k1

√
1−

( 2z
s

)2
(4s4 + 83s2z2 + 24z4)

2880
− ...

· · · − k1sπz3

48
− k1s4

720
(6.3)

with

k1 =
2u2

0ρSCL

sπ
. (6.4)

The resulting bending line for an elliptic lifting load and the results from a simulation
with the ALM are shown in Figure 6.4. There, the ALM is coupled with a beam model
of a wing and a modal body. The modal body contains a FE model after a model-order
reduction. The remaining DOFs are located on a line of nodes.
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Figure 6.4.: Local deflection in y-direction of wing in parallel flow simulated using ALM
in coupling with beams and modal model compared to analytic solution. De-
flection is plotted against span length.
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Both beam and modal model in the MBS achieve good results compared to the analytic
approximation. The modal body is slightly closer to the reference, but the choice of the
used modes is crucial. Including too many modes, the error becomes larger by trend.

6.2 vertical-axis wind turbine

The aerodynamic properties and dynamic responses of a VAWT are simulated and val-
idated with experimental results. A VAWT is a wind turbine, with the axis of rotation
perpendicular to the incoming air flow. In contrast, the axis of rotation of a HAWT is par-
allel to the inflow. The analysed turbines consists of two and three blades. The displayed
setup in Figure 6.5 is a two-bladed VAWT.

Figure 6.5.: Schematic representation of geometric configuration of vertical-axis turbine.
Rotor with two blades and axis of rotation is displayed. Chord length, radius
and local coordinate system are marked.
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The flow regime of wind turbines is characterised by the so-called tip speed ratio (TSR).
It is defined by the ratio between the velocity measured at the wing tip and the free stream
inflow,

λ =
ωr
u0

. (6.5)

The TSR offers a dimensionless quantity to compare the rotational velocity of wind tur-
bines.

As convention, the rotational position of turbines is defined by the azimuth θ. It is the
integral of the rotational velocity,

θ(t) =
∫ t

0
ω dt . (6.6)

The 3D setup of the analysed turbines is symmetric with respect to the plane perpen-
dicular to the rotational axis in the middle of the span. The blades are mounted at the
quarter chord. The origin of the local coordinate system (x̃, ỹ) is in the quarter chord as
well. The turbine rotates about the global z axis and the inflow is perpendicular to this
axis.

The validation of the turbine dynamics is split into the comparison of the power out-
come and the dynamic behaviour under a gust excitation.

The power outcome is a quasi-steady analysis: a transient simulation is run until the
rotor torque of the turbine converges. Thus, the surrounding flow field is assumed to be
settled. However, the field is only quasi-steady, i.e. its pattern oscillate with the periodicity
of the rotational velocity.

The dynamic validation starts from the quasi-steady state and is superposed with a
varying inflow. The inflow velocity is thereby following a sinusoidal function, imitating a
gust of wind.

In [DEH13] the power output and gust response of a VAWT are experimental deter-
mined and numerically confirmed. The resulting power coefficients and gust response
are compared to the results of the methods used in this work. A more detailed analysis of
forces acting on a single blade of a VATT are performed in [Wen15] and show very good
agreement with the experimental results of [Van78].

Further experimental results are available, such as [Kor+13], however with a TSR of 1.5,
which implies large angles of attack and is affected by dynamic stall. Additionally, VAWTs
are usually driven in a regime above TSR 3 to reach a high power outcome, compare
[Par02].

Nonetheless, simulations of turbines with a TSR smaller than 3 were performed with
the methods proposed in this thesis, but inaccurately determine the power output com-
pared to experiments. The angle of attack raises above 15◦ with a high pitch ratio and
thus a dynamic stall model is necessary.
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6.2.1 Power estimation

Firstly, the power output of a vertical-axis rotor is estimated and confirmed by experimen-
tal results from [DEH13]. The setup of the turbine is listed in Table 6.5. The airfoil section
of the blades is a NACA0022. The aerodynamic coefficients are determined with XFOIL
(see Chapter 4).

Table 6.5.: Geometric and flow parameters of turbine according to experiments
in [DEH13].

airfoil section NACA0022

span length s = 0.6 m
chord length c = 0.04 m
aspect ratio A = 15
turbine radius R = 0.350 m
number of blades 3
dynamic viscosity (air, 20◦) ν = 1.50 · 105 N s m−2

density ρ = 1.21 kg m−3

Reynolds number Re = 8 · 104

The numerical experiments are performed in a 2D domain. Thus, the blades are repre-
sented with one actuator point each.

The section-wise forces are defined per unit span-length and must be scaled to the ac-
tual span. Additionally, 3D effects must be accounted for, such as span-wise pressure
losses at the wing tip [WLW76]. A scaling factor is determined by computing aerody-
namic properties of a wing in a parallel inflow. The static lift and drag values are com-
puted for the given wing geometry with the VLM of XFLR5 in Chapter 4. These are set in
relation to the section-wise coefficients of XFOIL. For the linear regime a linear regression
is applied (see Figure 6.6) and the slope ratio is taken as scaling factor of h3D = 0.596.

The numerical experiment is run near the maximum performance of the turbine, as
determined in [DEH13]. The nominal rotational velocity, TSR and the inflow are listed in
Table 6.6.

Table 6.6.: Operational parameters and inflow of experiment for power estimation in
[DEH13].

nominal rotational velocity ω = 81.1 rad s−1

TSR λ = 4.1
mean inflow u0 = 6.9 m/s
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Figure 6.6.: Section-wise lift coefficients of airfoil and wing in experiments of [DEH13]
against angle of attack. Linear regressions related to lift coefficients of 0◦ ≤
α ≤ 5◦ are plotted.

The simulation is run with the transient solver until a steady state of the power output
of the turbine is reached. Two simulations are performed: one with a constant rotational
velocity and one with a free running turbine in a coupled simulation with a rigid turbine
model. Therefore, the actuator points of the blade can rotate about the turbine centre,
all connected to a body with the moment of inertia of the analysed turbine (see Figure
6.7). The coupled FSI simulation allows the turbine to spin free against a certain breaking
torque. The torque is manually varied until the mean rotational velocity settles to the
nominal value.

In order to study the relative power output of different turbines, a power coefficient
CP is introduced. It is a dimensionless quantity to compare power estimations. The coef-
ficient for the numerical experiments is determined by the time-averaged power output
related to the maximum energy of the inflow. The power output is defined as

P = ωT . (6.7)
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Figure 6.7.: Top-view of schematic rotor configuration of experiments in [DEH13]. Direc-
tion of inflow u∞, sense of rotation, radius and local coordinate system are
marked.

The summed turbine torque T is integrated and related to the observed runtime,

T =
1

t1 − t0

∫ t1

t0

T dt , (6.8)

where T is the current turbine torque. The energy Pv contained in the inflow is a function
of the rotor swept area AR,

AR = 2Rs (6.9)

Pv =
1
2

ρARu3
0 . (6.10)

The power coefficient is then

CP =
P
Pv

. (6.11)

The resulting power coefficients of experiment and simulation are listed in Table 6.7.
The power estimation of the ALM is in very good agreement with the analysed exper-

imental results. In the simulation with a constant rotational speed the power outcome of
the turbine is slightly over-predicted by 4%.

The power coefficient of the free running turbine is different from the constant rotating
turbine. Both have the same magnitude and are close to the experimental results, but the
FSI simulation estimates a lower power outcome.
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Table 6.7.: Numerically determined power coefficients of VAWT compared to experiments
in [DEH13] for uncoupled ALM and FSI simulation.

method CP error

exp. 0.199 –
ALM 0.207 4.18 %
FSI 0.190 −4.42 %

The fluctuation of the rotational velocity of the free running turbine is displayed in
Figure 6.8 for a small time frame. The amplitude of the fluctuation may vary in a prac-
tical application, because the turbine generator can be driven with a ramp characteristic
[Hau08].
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Figure 6.8.: Time dependent rotational velocity of rotor of free running VAWT in numeri-
cal simulation for power estimation with configuration according to [DEH13].

The observed difference in the power estimation implies, that a sufficient statement
about the expected power output of a turbine cannot only be done with a plain fluid
simulation. The variations of the rotor azimuth in the flow field influence the forces
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acting on the blades and thus the rotor torque. The rate of the variance is dependent on
the rotor’s inertia.

Another effect that influences the forces acting on a body, is called added mass. It covers
the mass inertia of the flow, when a body is moving through the fluid. However, the
effect is small for a fluid with a low relative density, [CGN05]; [FWR07], and assumed to
be relevant for loose coupling approaches only [BKF12].

6.2.2 Dynamic response

The interaction between air flow and the mechanical part of the turbine is a problem of
FSI and thus the validation of the used methods requires dynamic experimental results.
A series of experiments in [DEH13] provide quantitative results of a dynamic response.

The setup of the experiments for the dynamic response in [DEH13] is the same as for
the power estimation in the prior section and listed in Table 6.5.

The free stream flow for the turbine is varied with a harmonic oscillation superposed
to a mean inflow of 7.0 m/s. The amplitude of the fluctuation is 12% (see [Dan12]). The
parameters of the gust excitation setup are listed in Table 6.8.

Table 6.8.: Operational parameters and inflow for experiments with gust excitation in
[DEH13]. Measured rotational variations of experiments are quoted.

nominal rot. velocity ω = 791 rpm = 82.8 rad s−1

mean inflow u0 = 7.0 m/s
inflow fluctuation û = ±0.12u0

measured values

rot. velocity amplitude ω̂ =+3.15
−3.58 rpm

The fluctuation of the rotational velocity is shown in Figure 6.9. Additionally, the am-
plitudes of the fluctuation in the experiments are displayed as horizontal lines. The rota-
tional velocity of the turbine in the numerical experiment is displayed as period-averaged
values and as unfiltered values. The filter is a moving average with length of one ro-
tational period. The time axis ranges from 0 to 2π relating to the period of the gust
excitation. The results are extracted after the turbine dynamics settle at a quasi-steady
state.

The period-averaged velocity shows a good agreement with the experimental margins.
The upper peak is very close to the experimental one and the lower peak is slightly above
the lower limit of the experiment. The gust reaches its maximum at a period of π

2 with
the maximum acceleration of the turbine. The same holds for the gust minimum and the
maximum deceleration at 3π

2 .
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Figure 6.9.: Fluctuation in rotational velocity of one gust period resulting from gust ex-
citation in numerical experiment. Limits of fluctuations in experiments of
[DEH13] are marked by horizontal lines. Gust excitation is displayed in the
lower plot.
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6.3 vertical-axis tidal turbine

The structural layout of a VATT rotor is identical to the VAWT and thus the estimation
of the power output. The fluid medium is water and has a different density and vis-
cosity compared to the prior numerical experiments. Thus, further validation of power
estimation in a water domain is performed in this section. In terms of FSI, the density
ratio between the fluid and solid domain has a large influence on the dynamics and leads
potentially to the necessity of two-way iterations (see Chapter 5).

The power outcome of a VATT is experimental determined in [Hil83] for a range of
TSRs. The turbine parameters are listed in Table 6.9.

Table 6.9.: Parameters of the turbine geometry and flow regime for the experiments in
[Hil83].

airfoil section NACA0015

span length s = 2.4 m
chord length c = 0.185 m
turbine radius R = 1.50 m
number of blades 3
solidity 0.18
dynamic viscosity (water, 20◦) ν = 1.002 · 10−6 N s m−2

density ρ = 1 · 103 kg m−3

inflow u0 = 0.6 m/s
average Reynolds number Re = 3.50 · 105

TSR λ = 3, . . . , 5.25

The aerodynamic coefficients of the airfoil are extracted from experimental results in
[SK81] for the averaged Reynolds number. Again, the 2D results are scaled to include 3D
power loss effects.

6.3.1 Power estimation

A power estimation is performed for a range of TSRs from 3 to 5.25 with 0.25 steps.
The coefficients of the numerical experiments and the experiments in [Hil83] are plotted
against the TSR in Figure 6.10. Beside the 2D simulations, a simulation for one TSR is
carried out in 3D and the resulting power coefficient plot in the figure as well.

To provide an orientation, the results of a linear analysis with a DST model are plotted.
The basis of the DST simulation is the same table of aerodynamic coefficients as for the
ALM.
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6.3 vertical-axis tidal turbine
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Figure 6.10.: Power coefficient against TSR of ALM simulation compared to experimental
results in [Hil83] and the DST model. Single result of 3D simulation is drawn
in for TSR of 4.5.

The results of the ALM simulation of the VATT are in good agreement with the experi-
mental power coefficients. For the TSR of 3.5 the ALM over-predicts the power outcome
of the turbine in the experiment. However, for TSRs above 3.5 it stays close to the experi-
ments and gives better results than the linear model, especially for high TSRs.

The comparison between 2D and 3D power coefficient validates the scaling factor. The
power coefficient for λ = 4.5 in 2D is 0.385 and 0.373 in 3D, which is a very good agree-
ment and close to experimental data. For comparison, the DST predicts a power coeffi-
cient of 0.422 and linear theory 0.431 at a TSR of 4.5 and thus over-estimates the power
outcome.

In this chapter a validation of all including elements of the FSI simulation is performed.
At first quasi-steady aerodynamic properties of wings are validated with the experiments
of [MT91]. The quasi-steady deflection of a flexible wing in a FSI coupling based on both
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an order-reduced model and beam elements, is validated with an analytic solution. All
quasi-steady results show sufficient agreement with the references. The power estimation
for both VAWTs and VATTs are in good agreement with available experimental data from
[DEH13] and [Hil83]. A dynamic validation of the FSI coupling is referred to results of
[DEH13]. The dynamic response of the VAWT matches the results from the experiment.
Thus, the FSI approach is validated and prepared for an advanced application.
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7
A P P L I C AT I O N

In Chapter 5 an approach to solve FSI problems is depicted and the validity of resulting
forces and dynamics sufficiently confirmed in Chapter 6. In this chapter an application
of the outlined methods is performed with a VATT in a 3D simulation.

Similar simulations are carried out in [Baz+14] for a VAWT with a flexible tower. For
an air domain the blades are relatively rigid, but for water the forces acting on the blades
become larger compared to air. In the following simulation a turbine with flexible blades
will be simulated in a water domain and the resulting deflection of the blades analysed.
Considering the density ratio and the resulting magnitude of the blade deflection, the
setup defines a strong FSI.

7.1 fluid-structure interaction of vertical-axis tidal turbine

The analysed turbine is a VATT with a configuration used in the experiments of [Hil83]
(see Table 6.9). The material of the blades is assumed to be glass-reinforced plastic (GRP)
as employed in the experiments, but without the mentioned tubular reinforcements. The
Young’s-modulus for the GRP is extracted from [Sch07].

The 3D setup is sketched in Figure 7.1. The analysed turbine is a H-type VATT, i.e. the
straight blades are mounted to the rotational axis in the midspan with a rigid rod. The
symmetry plane is in the midspan as well.

The blades are represented with 39 beam elements. The area moment of inertia is
determined for a hollow NACA-type airfoil with 2 mm wall thickness. The parameters
are summarised in Table 7.1. The local coordinates for the area moments of inertia are
displayed in Figure 7.1. The area moment Ix refers to the x̃ axis and specifies the flap-
wise bending and Iy the chord-wise, respectively. The Young’s modulus is chosen for a
parallelly loaded cases of an orthotropic reinforced part.

The fluid domain and its respective mesh is displayed in Figure 7.2. The domain spans
27× 18× 9 m with the origin in the turbine centre. The boundary of type inlet is a Dirich-
let boundary condition with a defined inflow for the velocity and a Neumann boundary
condition with a zero gradient for the pressure. The outlet has vice versa a zero gradi-
ent in velocity and is zero for the pressure. The walls are zero for the velocity and zero
gradient for the pressure. The displayed viewport area in Figure 7.2 is the symmetry
plane.

The fluid side is simulated with a k-ω-SST turbulence model (see Chapter 4). The
aerodynamic coefficients in the ALM are extracted from [SK81].
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Figure 7.1.: Geometric configuration of turbine for 3D FSI simulation with symmetry
plane and sense of rotation. Global and local coordinate system are drawn
in.

The simulation is run with a time step of ∆t = 1 · 10−3 s. The nominal rotational
velocity of the turbine’s rotor is blended in to avoid steep initial states. It starts from rest
at t = 0.100 s and accelerates to the nominal value at t = 0.200 s.

The computation is performed on a single dodeca-core E5-2680v3 Intel Xeon R© proces-
sor. The computational time is 180 hours for a simulation time of 37 s, which are about 10
revolutions of the turbine. The average iterations per time step are 27.1 and the average
computational time per rotation 18 hours. For comparison, an uncoupled, 2D unsteady
Reynolds-averaged Navier-Stokes (URANS) simulation of a VAWT in [Dan12] requires
135 hours per rotation on 12 cores.
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7.1 fluid-structure interaction of vertical-axis tidal turbine

Table 7.1.: Structural and material parameters of blades for FSI simulation.

material GRP
Young’s modulus E = 4.52 · 1010 N m−2

shear modulus G = 5.60 · 109 N m−2

airfoil NACA0015
area moments of inertia Ix = 5.53 · 10−8 m4

Iy = 4.18 · 10−7 m4

in
le

t

ou
tl

et

wall

wall

18
m

27 m

x

y

[ July 24, 2015 at 10:07 ]

Figure 7.2.: Side-view in z-direction of mesh for FSI simulation with boundaries. Three
types of boundary conditions and origin of control volume are marked.
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The resulting deflections of the beam elements are mapped onto to the blade bodies
and displayed in Figure 7.3. The states are extracted after a runtime of 30 s for distinct
azimuths. The blades deflect up to 0.0500 m, which is 27% of the chord length.

The largest blade deformations are at positions, where the blade stands perpendicular
to the inflow. The deflection is large at the upstream side at 270◦, but also in the area of
the downstream wake between 90◦ and 180◦.

(a) Turbine state at θ = 0◦ (b) Turbine state at θ = 30◦

(c) Turbine state at θ = 60◦ (d) Turbine state at θ = 90◦

0 0.01 0.02 0.03 0.04 0.05
magnitude deflection [m]

[ July 13, 2015 at 15:51 ]

Figure 7.3.: Deflections of rotor blades in FSI simulation at four azimuth positions from
0◦ to 90◦ in Figures (a) to (d). Direction of inflow is outlined and magnitude
of local blade deflections represented according to colormap.
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7.2 comparison to linear theory

7.2 comparison to linear theory

The effect of wake interactions is visible by comparing the deflection of the beams to
a linear solution of VATT dynamics. A linear simulation is performed with the same
mechanical setup of the turbine as in the coupling with the ALM but in connection with
a BET. The underlying table of aerodynamic coefficients is the same in both simulations.

In Figure 7.4 the trajectory of a wing motion is displayed. The trajectory is generated
from the wing tip position of the first blade in a quasi-steady flow field. The orbit of
the trajectories is closed and affirms the settled system state. Both the trajectory of the
coupling with the ALM and the linear approach are displayed.
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Figure 7.4.: View in z-direction on trajectory in local coordinates of wing tip of first blade
starting at t = 20.2 s compared to linear simulation of FSI. Magnification on
right-hand side points out blade tip deflection near θ = 125◦.

The deflection of the linear theory are larger than the ALM, as are the power estima-
tion, compare Section 6.2.1. Additionally, the simulation with the ALM shows a stronger
asymmetry in the bending in y-direction, which separates the up- and downstream side.
Positive values are thereby deflections in the downstream. Here also a small kink caused
by the shed wakes is visible, see magnification in Figure 7.4.
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The kink can be explained be reviewing the wake structure. The flow field of the turbine
at an azimuth of θ = 125◦ is illustrated in Figure 7.5 with aid of velocity streamlines
circulating around the deflected blades. An isosurface of the λ2-criterion represents the
vorticity in the flow.

The front blade in the depicted turbine state is located between to vortices: the wake of
the previous blade and its own shed wake. The collocation of these two vortices clarifies
the changing load on the blade, visible in Figure 7.4. During the rotational motion, the
blade experiences a load when shedding its wake. In the next position, it hits the wake of
the previous blade. Between these two wakes extinction can occur and thus a temporally
reduced blade load.

7.3 comparison to one-way approach

A further computation is executed with weak coupling. The used Young’s modulus for
this simulation is chosen from omnidirectional reinforced GRP of 1.72 · 1010 N m−2. The
remaining parameter are the same as in Table 7.1.

For this setup the one-way approach tends to diverge in the runtime of the simulation.
The computed forces alternate from one to another time step. The resulting blade de-
flection differs from the two-way coupling, visible in Figure 7.6. The deflection of the
wing tip is more than 10% higher in the one-way iterations. This is in agreement with the
considerations of added mass, see Section 6.2.1.

However, reviewing the computational time, the one-way coupling performs significant
faster than the two-way: an average step number of 3.3 compared to 27.1. But the forces
potentially diverge for a blade stiffness of the given numerical experiments. Nonetheless,
the resulting deflections for stiff blades of one- and two-way coupling are comparable.
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Figure 7.5.: Flow field of turbine at θ = 125◦ visualised by velocity streamlines starting
from equidistant sources in upstream on right-hand side. Colouring of stream-
lines depicts magnitude of local velocity according to attached colormap. Vor-
ticity represented by an isosurface of λ2-criterion. Magnitude of blade deflec-
tion coloured according to Figure 7.3
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Figure 7.6.: View in x-direction on deflection in local coordinates of first blade at t = 1.46 s
and θ = 225◦ for one- and two-way coupling in FSI simulation. Deflection in
y-direction is plotted against span length.
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7.3 comparison to one-way approach

A numerical experiment of a VATT with flexible blades was performed in this chapter.
The resulting deflection examined and compared to a linear solution. The deformation
of the blades in the ALM simulation are smaller than from linear theory. A significant
difference is visible in the effects of wakes on the blades. A further comparison between
one- and two-way approach of FSI shows a difference in the resulting deflection, which
increases for blades with a lower stiffness.

The numerical experiment demonstrates, that the depicted methods allow to predict
blade deflection of VATT in 3D with a realistic computational effort.
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8
S U M M A RY A N D C O N C L U S I O N S

In the initial stage of this work, a solution for numerical simulation tasks of vertical-axis
turbines was requested. These tasks include the aerodynamic and mechanical responses
of vertical-axis wind turbine (VAWT) and vertical-axis tidal turbine (VATT). The coupled
simulation of fluid and body side states a fluid-structure interaction (FSI) problem.

In order to accomplish a solution of the FSI problem, model based approaches were
utilised for both domains. The fluid side of the problem is represented by an actuator-
line method (ALM) implemented by Wenzel [Wen15] in the OpenFOAM framework. The
ALM enables the analysis of lifting bodies including turbulent wakes without the neces-
sity of extensive meshing.

The mechanical side describes the motion and deformation of a body exposed to exter-
nal forces. The solution was realised using the multi-body system (MBS) library MBDyn.
Flexible bodies are represented with either beam models or so-called modal bodies. The
latter consists of a modal decomposition of the body dynamics. The dynamics are re-
solved with a finite-element method (FEM). For the purpose of reducing computational
time the resulting FEM model is reduced considering the order of degrees of freedom
with a model order reduction (MOR) technique.

The two domains were connected with a FSI method. A partitioned approach with a
two-way coupling was equipped. The solvers of each domain are called sequentially and
results are inserted iteratively until the solution converges to a fixed point. The conver-
gence was accelerated with methods based on approximations of Jacobian matrices. The
performance of these so-called quasi-Newton schemes was compared with other relax-
ation schemes. For stiff problems the quasi-Newton methods achieved fast convergence
rates.

Beside the two-way approach a monolithic method was implemented in the MBS frame-
work using a panel code. The implementation showed the advantages and limits of this
approach. Since the MBS solver is not optimised for a large amount of degrees of freedom,
this implementation was dismissed.

All embedded elements of the FSI simulation were validated. Static and dynamic results
of the fluid and the MBS solver were compared to experimental results and analytic
solution.

An improved version of the ALM [Wen15] was used to resolve the flow field of a flexible
wing in steady parallel inflow. Both two- and three-dimensional results showed good
agreement with experimental data. In quasi-steady setups vertical-axis turbines were run
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summary and conclusions

with a constant rotational velocity and numerical results were compared to experiments.
An accurate prediction of the power output based on the simulation was affirmed. A
comparison with a simulation of a free running turbine implies that the power estimation
in practice requires for the treatment of FSI.

In order to approve the accuracy of the FSI coupling, the dynamic behaviour of a VAWT
was examined. The turbine was loaded with varying inflow and resulting fluctuation in
the rotational velocity was observed. The fluctuation was in agreement with the refer-
enced experiments.

Conclusively, the depicted numerical FSI approach was applied to a VATT with flexible
blades. The deflections of the blades were analysed and compared to the solution of basic
methods. A one-way approach and linear methods tend to over-predict the blade deflec-
tion. The two-way coupling provides reasonable results and an accurate blade deflection
due to wake-body interaction was computed.

The depicted methods were able to solve the tasks derived from the initial motivation
in this thesis. The completed FSI approach accurately simulates the validation problems
with reasonable computational costs. Compared to fully meshed solutions, the approach
performs several orders of magnitude faster. With the developed simulation tool chain,
two goals were achieved: the ability to optimise turbine designs and develop new energy
converters.

The first step for optimisations of a VATT was done in Chapter 7 and the advantage of
the implemented methods was depicted. The two-way coupled FSI with an ALM allows
an improved fine resolution of blade deflection compared to the results of a linear theory
and a one-way approach. Consequently, the expected loads and deflections were deter-
mined to be smaller. The structural dimensioning of a rotor depends on the calculated
loads and deflections. Since available methods tend to over-estimate loads and deforma-
tion, the optimum in material and power outcome was not achieved so far. The new
results of the FSI approach allow exploitation of the maximum capacity of the structure
and therefore increase the utilisation factor and save material.

Another part of turbine optimisation concerns operational parameters. These are first
of all the global blade pitch, which is controlled in dependency on the varying inflow.
The controller strategy must be balanced between fatigue loads and power outcome. A
detailed resolution of the loads with the FSI allows an accessible tuning of this trade-off.
An extension of the global blade pitch is a cyclical pitch variation for VAWTs. Blade-wise
pitching, however, adds further parameters to the optimisation problem. The utilised
MBS approach allows a straightforward implementation of actuators and thus a study of
parameters necessary for pitch optimisation. Current publications show that optimised
control can increase the power outcome significantly [PAH15]. In combination with the
structural optimisation this reveals an increase in the economic and energetic efficiency
of the analysed turbines.
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With aid of the optimisation, the competitive position of currently unexploited turbine
concepts like the vertical-axis turbine can be raised to the level of horizontal-axis tur-
bines. Furthermore, already established concepts such as horizontal-axis wind turbines
(HAWTs) can be optimised considering blade loads.

The second achievement is the ability to develop new energy converters. The demands
on the simulation tools are high due to the complexity. Emerging concepts harvesting
ocean energy often include fluctuating boundary conditions and loads. The ability of the
FSI approach to resolve such configurations was successfully shown in Chapter 6.

Beside the technical demands the assembled tool chain serves economic requirements.
Projects realising new concepts using undeveloped sources of renewable energy profit
from preservative economic and computational costs of involved simulation tools. The
software elements used by the methods depicted in this thesis are open source and the
final FSI approach is conservative in hardware requirements and computational time.

future works

With the developed simulation framework a fast and accurate representation of turbines is
possible. The next step is a practical application to tasks in the design process of turbines.
In this context, a detailed validation of blade deflections would be possible and necessary.

A limitation of the current implementation is the sensitivity to the flow regime. The
Reynolds number is set a priori and generated according to aerodynamic coefficients
for the blade geometry. For strongly varying inflows the coefficients should be chosen
adaptively from precomputed coefficients for a range of Reynolds numbers. The stability
of this approach must be verified.

An obvious extension of this FSI framework is the application to HAWTs, which the
ALM is already utilised for [SS02]. This allows examining the dynamics of wind turbines
including blade elasticity with interaction of multiple turbines through wake shedding.
Additionally, detailed experimental results are available in this field and should be vali-
dated, such as the blade deflection in [Ban+13].

Leaving the field of energy generation and regarding propulsion, two concepts come
into focus: the Voith-Schneider propeller as equivalent to a VATT and a helicopter rotor
similar to a HAWT. The latter is currently a subject of research, which the development
FSI approach in this thesis can be applied to. The dynamics are dominated by wake-
body interaction and subsequent unresolved questions [Del14]. Both propulsion systems
include blade-wise pitch variation and high loads on the structure. The ability to simulate
these problems with the depicted methods can be verified and adaptations made.
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A
F L U I D D Y N A M I C S

a.1 naca airfoil sections

For the NACA-00xx series the airfoil section distribution is defined in Equation (A.1)
[JWP33]. The corresponding coefficients are listed below. For a section with a trailing
edge of zero thickness the last coefficient becomes a4 = −0.1036.

a0 = 0.2969, a1 = −0.1260

a2 = −0.3516, a3 = 0.2843

a4 = −0.1015

y(x) =
d

0.2c

[
a0

√
x
c
+ a1

( x
c

)
+ a2

( x
c

)2
+ a3

( x
c

)3
+ a4

( x
c

)4
]

, (A.1)

with the airfoil thickness d.

a.2 potential flow methods

The difference between a infinite and finite lifting wing mainly derives from the down-
wash caused by the wing tip vortices. As first to mention is Prandtl and Betz, who
described the losses on a finite wing in his papers on hydro- and aerodynamics, [PB10].

With potential flow methods a simplified approach to the question of wing aerody-
namics is provided. The assumptions made therefore are that the fluid is incompressible,
inviscid and irrotational.

a.2.1 Lifting-line theory

The lifting-line theory (LLT) allows approximating aerodynamic properties of a finite
wing on the basis of certain distribution of a circulation strength along the span. The
distribution derives from the shed vortex lines downstream of the wing.

a.2.2 Vortex lattice method

The vortex lattice method (VLM) is an 2D extension of the LLT. Instead of a vortex line
a discrete number of horseshoe elements are used. The method is similar to the panel
method, but the VLM is defined for thin lifting bodies only.
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B
A L G O R I T H M S

b.1 newton-raphson method

The Newton-Raphson method solves root-finding problems stated as f(x) = 0. The mul-
tidimensional formulation for a function f : Rn → Rn at convergence step k yields

xk+1 = xk − J−1(xk)f(xk) (B.1)

∆xk = −J−1(xk)f(xk) , (B.2)

with x ∈ Rn and the Jacobian matrix J =
(

∂ fi
∂xi

)
.
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C
M E C H A N I C S

c.1 area moment of inertia

The area moment of inertia, also called second moment of area is the integration of a
relative distance over the section area A,

Iy =
∫

A
z2dA (C.1)

Iz =
∫

A
y2dA . (C.2)

c.2 three-bladed vatt model

Listing C.1: MBDyn input file vawt_hilton_3wings_3d.mbd

1 ### c i r c l e s t e e r i n g o f 3 wings , c o n s t r o t a t i o n
# z p o s i t i o n in b l a d e i n t e r v a l l c e n t e r

s e t : r e a l AOA = −0.0∗deg2rad ; # p i t c h
s e t : r e a l radius = 1 . 5 0 0 0 0 0 ; # r a d i u s [m]

6 s e t : r e a l i n i t a l p h a = −90.0∗deg2rad ; # i n i t i a l a n g l e on c i r c l e
s e t : in teger N = 3 ; # b l a d e s p e r r o t o r
s e t : in teger Nz = 3 9 ; # number s l i c e in z
s e t : in teger N_curr ; # c u r r e n t s l i c e number
s e t : in teger N_blade ; # c u r r e n t b l a d e number

11 s e t : r e a l WING_START = 0 . 0 0 7 8 1 2 ; # s t a r t z−p o s i t i o n
s e t : r e a l WING_END = 1 . 1 9 5 3 1 2 ; # end z−p o s i t i o n
s e t : r e a l SPAN = WING_END−WING_START; # b l a d e l e n g t h
s e t : r e a l dL = SPAN/Nz ; # l o c a l v a r i a b l e s
s e t : in teger BLADE;

16 s e t : in teger CENTER;
s e t : in teger BEARING;

s e t : r e a l FADEIN_END = 0 . 2 ; # t ime t o f a d e in r o t a t i o n
s e t : r e a l FADEIN_START = 0 . 1 ;

21 s e t : r e a l OMEGA = −1 .800000 ; # r o t a t i o n a l s p e e d
s e t : r e a l FREE = 9 0 ; # r e l e a s e t ime
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mechanics

s e t : r e a l dt = 1 .000000 e−03;

26 s e t : r e a l E = 4 . 516 e +10 ; # g l a s s−r e i n f o r c e d p o l y e s t e r m at r i x
s e t : r e a l A = 0 . 0 0 0 7 6 1 0 4 8 ; # s e c t i o n a r e a
s e t : r e a l rho = 1850 ; # [ kg /m^3] GRP
s e t : r e a l m = rho∗A; # mass p e r u n i t y l e n g t h
s e t : r e a l nu = 0 . 3 ;

31 s e t : r e a l G = 5 . 6 e +09 ;
s e t : r e a l chord = 0 . 1 8 5 0 0 0 ;
s e t : r e a l height = 0 . 0 2 7 7 5 0 ;
## a r e a moment o f i n e r t i a
s e t : r e a l Iy = 4 .18211 e−07;

36 s e t : r e a l Iz = 5 .5311 e−08;
s e t : r e a l Ip = Iy + Iz ;

s e t : r e a l EA = E∗A; # N, main o r i e n t a t i o n in x−d i r e c t i o n ,
e x t e n s i o n a l s t i f f n e s s x , a x i a l f o r c e

s e t : r e a l GAy = G∗0 .833∗A; # N, s h e a r f o r c e
41 s e t : r e a l GAz = G∗0 .833∗A; # N

s e t : r e a l GJ = G∗ Ip ; # Nm^2 , t o r s i o n a l s t i f f n e s s
s e t : r e a l EJy = E∗ Iy ; # Nm^2 ,
s e t : r e a l EJz = E∗ Iz ; # Nm^2
begin : data ;

46 problem : i n i t i a l value ;
end : data ;

begin : i n i t i a l value ;
i n i t i a l time : 0 . ;

51 f i n a l time : 1 2 0 . 0 0 0 0 0 0 ;
time step : dt ;

max i t e r a t i o n s : 2 0 0 ;
t o l e r a n c e : 1 . e−3;

56
l i n e a r s o l v e r :

# n a i v e ;
umfpack ;

61 output : i t e r a t i o n s ;
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C.2 three-bladed vatt model

# d e r i v a t i v e s c o e f f i c i e n t : 1 . e−6;
d e r i v a t i v e s t o l e r a n c e : 1e−1;
d e r i v a t i v e s max i t e r a t i o n s : 2 0 ;

66
end : i n i t i a l value ;

begin : c o n t r o l data ;
s t r u c t u r a l nodes :

71 +1 # ground
+1 # machine c e n t e r
+1 # r o t a t i o n a l c e n t e r s
+2∗N∗Nz # b l a d e s + dummy

;
76 r i g i d bodies :

+117 #
;
j o i n t s :

+2 # clamp
81 +2 # d r i v e s

+3∗N # r o o t on ly
;
beams : N∗ (Nz−1) ;
f o r c e s : 1 ;

86
d e f a u l t output : a l l ;

end : c o n t r o l data ;

s e t : in teger GROUND = 1 ; # a b s o l u t e ground
91 s e t : in teger FRAME = 2 ; # body with i n e r t i a

s e t : in teger BEARING1 = 1 0 ; # b e a r i n g , f i x e d t o f rame
s e t : in teger BEARING2 = 2 0 ;
s e t : in teger CENTER1 = 1 0 0 ; # c e n t e r o f f i r s t t u r b i n e

96 r e f e r e n c e : GROUND,
re ference , global , nul l ,
re ference , global , eye ,
re ference , global , nul l ,
re ference , global , n u l l ;

101
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r e f e r e n c e : FRAME,
re ference , GROUND, 0 . , 0 . , START,
re ference , GROUND, eye ,
re ference , GROUND, null ,

106 re ference , GROUND, n u l l ;

r e f e r e n c e : BEARING1 ,
r e ference , FRAME, 0 . , 0 . , 0 ,
r e ference , FRAME, eye ,

111 re ference , FRAME, null ,
re ference , FRAME, n u l l ;

# r o t a t i o n o f main f rame
r e f e r e n c e : CENTER1 ,

116 re ference , FRAME, 0 . , 0 . , 0 ,
r e ference , FRAME, 1 , cos ( i n i t a l p h a ) , s i n ( i n i t a l p h a ) , 0 . , 3 ,

0 . , 0 . , 1 . ,
r e ference , FRAME, null ,
re ference , FRAME, n u l l ;

121
s e t : N_blade = 1 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . r e f " ;
s e t : N_curr = 2 ;

126 inc lude : " vawt_wing . r e f " ;
# [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . r e f " ;

131
s e t : N_blade = 2 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . r e f " ;
s e t : N_curr = 2 ;

136 inc lude : " vawt_wing . r e f " ;
# [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . r e f " ;
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141
s e t : N_blade = 3 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . r e f " ;
s e t : N_curr = 2 ;

146 inc lude : " vawt_wing . r e f " ;
# [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . r e f " ;

151
begin : nodes ;

s t r u c t u r a l : GROUND, s t a t i c ,
re ference , GROUND, null ,
re ference , GROUND, eye ,

156 re ference , GROUND, null ,
re ference , GROUND, n u l l ;

s t r u c t u r a l : FRAME, dynamic ,
re ference , FRAME, null ,

161 re ference , FRAME, eye ,
re ference , FRAME, null ,
re ference , FRAME, n u l l ;

s t r u c t u r a l : CENTER1 , dynamic ,
166 re ference , CENTER1 , nul l ,

re ference , CENTER1 , eye ,
re ference , CENTER1 , nul l ,
re ference , CENTER1 , n u l l ;

171 s e t : N_blade = 1 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . nod " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing . nod " ;

176 # [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . nod " ;
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181 s e t : N_blade = 2 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . nod " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing . nod " ;

186 # [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . nod " ;

191 s e t : N_blade = 3 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing . nod " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing . nod " ;

196 # [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing . nod " ;

201 end : nodes ;

begin : elements ;
j o i n t : GROUND, clamp , GROUND, node , node ;

206 j o i n t : FRAME, clamp , FRAME, node , node ;

f o r c e : 3 , e x t e r n a l s t r u c t u r a l ,
socket ,
c rea te , yes ,

211 path , "mbdyn . sock " ,
coupling ,

t i g h t ,
send a f t e r predic t , no ,
r e f e r e n c e node , GROUND,

216 l a b e l s , no ,
o r i e n t a t i o n , o r i e n t a t i o n matrix , # d e f a u l t
use r e f e r e n c e node f o r c e s , yes ,
N∗Nz,

1010 ,
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221 1020 ,
# [ . . . ]

3390 ;

226 ### C ent e r node j o i n t s

## d r i v e n r o t a t i o n
driven : CENTER1+3 , s t r i n g , " Time < FREE " ,
j o i n t : CENTER1+3 , a x i a l r o t a t i o n ,

231 FRAME,
pos i t ion , null ,

hinge ,
1 , 1 . , 0 . , 0 . , 2 , 0 . , 1 . , 0 . ,

CENTER1 ,
236 re ference , FRAME, null , # r e l a t i v e r o t a t i n g

p o i n t p o s i t i o n
hinge ,

1 , 1 . , 0 . , 0 . , 2 , 0 . , 1 . , 0 . ,
ramp , OMEGA/(FADEIN_END−FADEIN_START) , FADEIN_START,

FADEIN_END, 0 ; # d r i v e c a l l e r : ramp , s l o p e , i n i t t ime ,
f i n a l t ime , i n i t v a l

241 ## f r e e r o t a t i o n by r e v o l u t e h i n g e
driven : CENTER1+4 , s t r i n g , " Time >= FREE " ,
j o i n t : CENTER1+4 , r evo lute hinge ,

FRAME,
pos i t ion , null ,

246 CENTER1 ,
r e ference , FRAME, null ,

hinge ,
1 , 1 . , 0 . , 0 . , 2 , 0 . , 1 . , 0 . ;

251 s e t : N_blade = 1 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing_body . elm " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing_beam . elm " ;

256 # [ . . . ]
s e t : N_curr = 3 9 ;
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inc lude : " vawt_wing_beam . elm " ;

261 s e t : N_blade = 2 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing_body . elm " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing_beam . elm " ;

266 # [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing_beam . elm " ;

271 s e t : N_blade = 3 ;
s e t : N_curr = 1 ;
inc lude : " vawt_wing_body . elm " ;
s e t : N_curr = 2 ;
inc lude : " vawt_wing_beam . elm " ;

276 # [ . . . ]
s e t : N_curr = 3 9 ;
inc lude : " vawt_wing_beam . elm " ;

281 end : elements ;

Listing C.2: MBDyn input file vawt_wing.ref

# N_curr : b l a d e number
# N_blade : t u r b i n e number

4 s e t : BLADE = 1000∗N_blade+N_curr ∗1 0 ; # l o c a l b l a d e number
s e t : CENTER = 1 0 0 ; # g l o b a l c e n t e r

# r o t a t i o n o f mass node
r e f e r e n c e : BLADE,

9 re ference , CENTER, 0 . , 0 . , SPAN∗ ( N_curr−1)/(Nz−1) ,
re ference , CENTER, 1 , cos (2∗ pi ∗ ( N_blade−1)/N) , s in (2∗ pi ∗ ( N_blade
−1)/N) , 0 . , 3 , 0 . , 0 . , 1 . ,

r e ference , CENTER, null ,
re ference , CENTER, n u l l ;
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Listing C.3: MBDyn input file vawt_wing.nod

# N_curr : b l a d e number
# N_blade : t u r b i n e number

3
s e t : BLADE = 1000∗N_blade+N_curr ∗1 0 ; # l o c a l b l a d e number

s t r u c t u r a l : BLADE, dynamic ,
re ference , BLADE, 0 . , radius , 0 . ,

8 re ference , BLADE,
1 , cos (AOA) , s i n (AOA) , 0 , # x :
3 , 0 . , 0 . , 1 . , # z : h e a d i n g r i g h t

re ference , BLADE, null ,
re ference , BLADE, n u l l ;

13
s t r u c t u r a l : BLADE+10000 , dummy, BLADE, r e l a t i v e frame , CENTER1 ;

Listing C.4: MBDyn input file vawt_wing_body.elm

1 # N_curr : b l a d e number
# N_blade : t u r b i n e number

s e t : BLADE = 1000∗N_blade+N_curr ∗1 0 ; # l o c a l b l a d e number
s e t : CENTER = 1 0 0 ; # l o c a l c e n t e r

6
# body
body : BLADE, BLADE,

dL∗m, null ,
re ference , CENTER, diag , 1 . / 1 2 .∗dL^3∗m, 1 . / 1 2 .∗dL^3∗m, 0 . ;

11
# c o n n e c t c e n t e r and 1 s t node
j o i n t : BLADE, dis tance ,

CENTER,
BLADE,

16 radius ;

j o i n t : BLADE+1 , in l i n e ,
CENTER,
pos i t ion , null ,

21 o r i e n t a t i o n , re ference , BLADE, 1 , 1 . , 0 . , 0 . , 3 , 0 . , 1 . , 0 . , #
h e a d i n g towards mass 2 f rom c e n t e r

BLADE;
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# r o t a t e 1 s t node p a r a l l e l t o c e n t e r node
j o i n t : BLADE+2 , pr ismat ic ,

26 CENTER, o r i e n t a t i o n , re ference , BLADE, 1 , 1 . , 0 . , 0 . , 2 , 0 . , 1 . , 0 . ,
BLADE;

Listing C.5: MBDyn input file vawt_wing_beam.elm

# N_curr : b l a d e number
2 # N_blade : t u r b i n e number

s e t : BLADE = 1000∗N_blade+N_curr ∗1 0 ; # l o c a l b l a d e number
s e t : CENTER = 1 0 0 ; # g l o b a l c e n t e r

7 ### BODY
body : BLADE, BLADE,

dL∗m, null ,
re ference , CENTER, diag , 1 . / 1 2 .∗dL^3∗m, 1 . / 1 2 .∗dL^3∗m, 0 . ;

12 ### BEAM2
## two−node beam
beam2 : BLADE,

BLADE−10 , nul l ,
BLADE, null ,

17 from nodes ,
l i n e a r v i s c o e l a s t i c generic ,

diag , GAz, GAy, EA, EJz , EJy , GJ ,
proport ional , 0 . 1 ;
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