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Abstract

The present work focused on the development of an aero-structural design framework for a high-power horizontal axis wind
turbine. To achieve this, it was necessary to carefully characterize the blade, to develop a suitable fluid-structure interaction
solver and, finally, to combine both with post-processing tools.

The blade parameterization was inspired in the disc actuator concept, which was then improved through computational
fluid dynamics simulations and, the structure was modeled as main spar that has the shape of the blade. It was developed
a fluid-structure interaction solver for OpenFOAM, dedicated to simulate wind turbine rotors. The fluid-structure coupling
was achieved through a loose coupling strategy, which means that there are separated solvers for the flow and structure
analysis, which are combined through the update of boundary conditions. To simulate the blades rotation movement, it
was used an approach based on the single rotating frame method, meaning that the whole domain rotated with the turbine
rotor with a constant angular velocity. For the structural domain, a linear elastic solver was used, able to model the small
deformations due to the distributed aerodynamic forces.

The simulations of the rotor produced valid and interesting results namely, correct flow fields and pressure distributions.
Considering that it is expected horizontal axis wind turbine rotors to continue growing to even larger sizes than the one
modeled, it was shown that blade displacements due to flow induced forces are definitely a problem that needs to be taken

into account when designing new wind turbine blades.

Although it was not possible to analyze the consequences of these effects in the turbine output power, a post-processing
method to make this evaluation was presented. To obtain relevant results on this subject, it would be important to further
develop the structural solver and model, giving them the correct proprieties to model wind turbine blades.

Keywords: Wind Turbine, Fluid-Structure Interaction, CFD Development, High-Fidelity Analysis, Single Rotating Frame, OpenFOAM, ICEM-

CFD.

1 INTRODUCTION

Following the recent advances made in terms of wind energy
generation, and considering that next step for this industry is
to invest in offshore developments, it is important to research
in this area, finding ways to produce better wind turbines.
The work presented consists on the development of an aero-
structural design framework for a high-power horizontal axis
wind turbines.

To achieve this, it was important to review of the state
the art of scientific research in aerodynamic, structural and
coupled models for wind turbine blades.

1.1 Aerodynamics and Computational Fluid Dy-
namics (CFD)

CFD studies are always a clever way to introduce, test and
design new blade models. Disgraskar [1] presented a project
that is somewhat similar to the one presented in the current
work, as the objective was also to simulate the flow around a
wind turbine, using OpenFOAM [2]. For this, special bound-
ary conditions were developed, such as cyclic grid interfaces,
and a multi reference frame solver, to model the wind turbine
as accurate as possible. It was possible to model the NREL
Phase IV and DU wind turbines, being the former modeled
quite successfully, and even the wake was calculated with suc-
cess, but it was not possible to get good results for the later.

Also using the NREL turbine, in [3] it is presented a com-
parative study between the theory of the actuator disc, the re-
sults of a CFD analysis on a high resolution structured mesh,

with advanced turbulence and transition models, and experi-
mental results, discussing the possibility of creating a hybrid
code. It was concluded that the CFD simulation provided an
excellent match with experimental data in the attached flow
regime. However, the CFD and panel code over-predict peak
lift and tend to underestimate stalled flow. The results pre-
sented support the use of a calibrated actuator disk methodol-
ogy based on a normal fidelity CFD modeling approach. Im-
plementing actuator momentum correlations obtained from
an equivalent CFD analysis offers a potentially economical
methodology for simulating complete multiple wind turbines
within a specific environment.

Another CFD study of the NREL PHASE IV wind tur-
bine is presented by Sezer-Uzol [4] using a solver that uses
a finite volume formulation of the Navier-Stokes equation for
3D, compressible, unsteady or steady-state. Three conditions
were studied in which the inviscid results show that the flow
is attached for the low velocity cases, with the case where
yaw angle is not zero having an asymmetric wake structure,
whereas there is a massive separation over the entire blade
span in the post-stall case. Although on a much smaller scale,
the mesh presented in this work served as inspiration for the
mesh presented in the current report, as the outer mesh is
represented by a cylinder and the region of the blades has a
much smaller elements then the outside mesh, size restriction
had to be applied as the computations presented in [4] were
made using NREL and NASA clusters.

The project presented by Nilsson [5] proposed to study
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OpenFOAM as a tool for turbulent flow in water turbines.
The aim was to validate OpenFOAM performance against
both commercial CFD codes and experimental data. In that
paper they show that the results obtained were as efficient as
the ones achieved using the commercial codes, fitting equally
well to the experimental data. Based on this, OpenFOAM
can confidently be used as a CFD tool to analyze and design
turbines.

1.2 Structural Models and Finite Element Method
(FEM)

As part of the design process, a wind turbine must be ana-
lyzed for the aerodynamic, gravitational, inertial and oper-
ational loads that will experience during its design life. Al-
though structural analysis has always been important in the
wind turbine blade design, mainly because of fatigue prob-
lems, as the size of blade become bigger, so do the concerns
with blade structural design [6, 7].

Jensen et al. [8] described the structural testing and numer-
ical simulation of a 34 m composite HAWT blade with a load
carrying main spar. Their work starts with the same premise
that the current project starts, that is the fact that HAWT
are becoming bigger with a considerable increase in rotor
size, which means that structural problems on the blades
need to be addressed. The finite element method (FEM) has
been used traditionally to investigate global behavior in terms
of, for example, eigen frequencies, tip deflections and global
stress and strain levels. In their work, the FE model was
calibrated with data from a full scale model, which means
its accurate and it was possible to evaluate complex loads,
modeling actual wind conditions, otherwise impossible on the
physical model.

The design of a wind turbine structure involves many con-
siderations such as strength, stability, cost and vibration. In
[9], an optimization model for the design of a typical blade
structure of HAWT is presented and it is focused on the re-
duction of vibrations. A good design philosophy for reducing
vibration is to separate the natural frequencies of the struc-
ture from the harmonics of rotor speed. The main spar was
represented by thin-walled tubular beam composed of uniform
segments, each of which had different cross-subsectional prop-
erties and length. The optimization variables were chosen to
be the cross-subsectional area, radius of gyration and length
of each segment. The optimal design is pursued with respect
to maximum frequency design criterion. The problem was
formulated as a non-linear mathematical programming prob-
lem solved by multi-dimensional search techniques. Struc-
tural analysis was restricted to the case of uncoupled flap-
ping motion of the rotating blade, where an exact method of
solution was given for calculating the natural vibration char-
acteristics. The results presented showed that the approach
used was efficient and improved the reference design.

Bechly [10] described the optimization on the structure of a
HAWT blade. A computational code was developed to make
a detailed finite element mesh from data obtain from blade
element theory and panel code predictions. This preliminary

blade design was done using NACA 4412 airfoils and varying
twist and chord, similar to the method that will be explained
further in this document. The blade was then constructed
from fiberglass skin and additional stiffening was added at the
hub connection. A detailed finite element mesh of the blade
was then built using a propose written program. The finite
element results, obtained using a commercial FEM software,
compared well with static bending and twisting deflections of
the blade and, according to the dynamic analysis, it was even
possible to understand that the natural frequencies of the
rotating blade are higher than non-rotating, due to stress-
stiffening.

1.3 Fluid-Structure Interaction

Following the concerns explored in the previous subsections,
fluid structure interactions(FSI) are currently becoming more
relevant in the design of new HAWT. This phenomenon is con-
nected to the deflection of elastic materials when subjected
to flow induced loads, as well as the alterations that this de-
flection produce on the flow, changing its characteristics.

The FSI computations are usually classified in weakly or
strongly coupled. For weakly coupled systems, it is common
to use partitioned solvers, in which the main problem is how
to pass the information between the solvers. On the other
hand, for strongly coupled ones, the only choice is to use a
single solver that solves both fluid and structural problems,
but which is much more complex than the partitioned one
[11].

Aerostructural analysis techniques are a specialization of
more general FSI solution methods, where the fluid in ques-
tion is air, and the structure represents a flexible component
such as an aircraft wing or wind turbine blade. Aerostruc-
tural design optimization using high-fidelity models is a
computationally intensive multidisciplinary design optimiza-
tion (MDO) problem, usually using high-fidelity aerodynamic
analysis in the aerostructural problem while using consider-
ably smaller finite-element models. This is often justified
since the primary area of interest in these studies is the aero-
dynamic performance of the aerostructural system.

Kennedy et al. [12] presented both aerostructural analysis
and design sensitivity methods that are designed to be effi-
cient when the aerodynamic and structural disciplines both
require significant computational resources and time. The
aerodynamic analysis uses a parallel panel code, coupled to
a parallel finite-element code for the analysis of composite
structures. This finite-element code is specifically designed,
including geometric nonlinearity and has analytic design vari-
able sensitivity analysis capability. The inter-disciplinary
coupling is handled by passing pressure and displacement val-
ues through a parametric surface representation of the outer
mold line of an aircraft.

Aerodynamic and structural optimization of HAWT blades
has become a subject of considerable interest, as the ultimate
goal is to reduce the cost of energy production. This design
process is a multidisciplinary task, involving conflicting re-
quirements, such as maximum performance with minimum
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loads and noise. Moreover, since the turbine operates in a
wide range of wind conditions, it can only be optimized for
one. In [13], the optimization was achieved by modifying the
twist and chord of the blade, as well as the airfoils. A mini-
mum cost of energy was obtained, which is lower then current
commercial turbines, but it was also concluded that, with the
use of traditional airfoils, it is impossible to reduce the cost
of energy from the one that is already achieved.

2 METHODOLOGY FOR WIND TURBINE
AERO-STRUCTURAL ANALYSIS

Following the strategy illustrated in Fig.1 and, having decided
that the toolbox to perform the CFD simulations would be
OpenFOAM [2] which, as clarified above, is a good option
for fluid structure interaction simulations, as well as accu-
rate simulations on wind turbines. It was then necessary
to evaluate the other parts of the methodology, such as the
parametrization of the blade, mesh and geometry generators
and finally, post processing of the results once the simulations
were performed.

Blade Parameterization

Mesh Generation

.
Structural
Solver

%

FsI
Coupling

Flow
Solver
//

Post-Processing
Figure 1: Schematic of WT aero-structural blade analysis.

The first important step in a CFD simulation is to decide
the dimensionality of the model to use. The simulation should
be as simple as possible in order to obtain good results quickly,
but still capture the relevant physical phenomena. 2D sim-
ulations are often used in the first steps of design and, for
many cases, it produces good preliminary results. A full 3D
simulation is needed to obtain correct secondary flows. This
is specially important in compressors and fans (or HAWT),
where the negative pressure gradients make boundary layers
grow much quicker than what they do in regular turbines.
Having this in mind, it was decided that in a first approach it
would be used a simple 2D mesh of a beam that was expected
to deform the same way a HAWT blade would. This model
was used to test solvers and validate the fluid-structure inter-
action solver that was developed. Afterward a full 3D model
for the HAWT blades it was created, step by step.

2.1 Blade Parameterization

As a first approach, the surface will be modeled using a dis-
cretization presented by Kim et al. [14]. This discretization
starts with the selection of the airfoils, to which a series of
coordinate transformations will be applied to obtain a HAWT
blade. From the literature reviewed, DU airfoils seemed to be
the obvious choice, unfortunately it was impossible to access
these airfoils. As such, airfoils from NACA and S8xx series,
with similar characteristics [15], which were easier to access.

The power developed by a rotor at a certain wind speed
depends on the relative velocity between the wind and the
rotor tip. The ratio between these two speeds, called the tip
speed ratio(\), is defined as

_RQ 27N,R

A= T T Teou (1)

where ) is the angular velocity, R is the radius of the ro-
tor and N, is the rotational speed of the rotor. The design
tip speed ratio is usually defined between 7 and 9 for large
wind turbines. As A gets bigger, the blade will be more slen-
der and flexible, which has the advantage of reducing the
load. However, it may cause interference problems between
the blade and the tower at extreme wind conditions and the
blade rotation speed may need to be increased to achieve the
targeted output power. On the contrary, a smaller value will
contribute for the blade being thicker and cause greater axial
thrust forces.

The rotor geometry is periodic so it is recomened to use
cylindrical coordinates. To define the 3D blade, it is conve-
nient to define an adimensional parameter for the direction
normal to the flow direction, used to define how the airfoil
will be altered in a certain position, and defined as

p= (2)

E 9
where r is the distance do the blade axis of rotation and R is
the radius of the turbine.

As the blade is finite, it was necessary to define a blade tip
loss factor,

2 1 ((N/2) (A=) /1N T Ondenignii®) [ (1—a)
f cos™ (e ), (3)
Vi

as it was first define by Prandlt and then modified by Glauert
[16] in their aproach to the BEM theory. This definition de-
pends on the flow induction factor a, which the exact value

is given by
1 1 1
a=—-+=f—=\V1—f+[f?, 4
s+3f-3VI-T+] @
making it necessary to calculate this values using a recursive
method.

Wind turbine blades are designed with tapered and twisted
shapes to obtain maximum power output with high efficiency.
In [14] several discretizations for the tapper across the blade
were proposed, having all similar aerodynamic results, from
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which the best chosen to be applied in this work was
_ 2m 4X2 %’
M- + O+ a))?

where N is the number of blades in the HAWT and C} is the
lift coefficient of the airfoil for the angle of attack « defined.
Which depends on another flow induction factor o’

/ 1-
g U AZ;/f)’

, (5)

oo

(6)

which also takes in account the tip speed ratio and the posi-
tion in the blade.

At the locations for which the chord was calculated, it was
also calculated the blade twist ¢ , which is defined by

1—a

tan(¢) = it a)

(7)
which is then applied by rotating the airfoil at that position
by a pitch angle # which also depends on the angle of attack
on the blade as is defined by
O=a—2¢. (8)
All these equations were programmed in a python [17] script
that accepted regular airfoil files, being possible to define the
airfoil in up to five radial subsections of the blade, and where
the positions that were not defined by the user would be a
result of a interpolation between the coordinates of the two
prescribed airfoils that were closer to that location.

2.2 Mesh Generation

The definition of the mesh is of major importance. A good
mesh should have enough definition to be realistic, but not too
much so that the the computational time requires is accept-
able for a work of this nature. To have an acceptable mesh
that produced good results in OpenFOAM, it was necessary
to evaluate the capabilities and possibility of integration with
the solver software of several mesh generators.

After selecting ICEMCFD as the mesh generator, a python
script was developed and functions were defined to automati-
cally generate the different commands, such as straight lines,
splines and surfaces. This script was different for the solid
and fluid meshes and the commands generated were then
saved to ICEMCFD replay files. These codes generate the
geometries defined for the fluid and solid domains and de-
fine the blocking for each of the geometries. The mesh is
then computed and exported in Fluent format, and is copied
to the case folder and converted to the OpenFOAM format
using fluent3DMeshToFoam, which is the default mesh con-
verter from OpenFOAM to convert thee-dimensional Fluent
meshes. All this process was programed to be automatic.

Using the capabilities of the software used and the code
created, the point cloud created previously was uploaded, and
using these points the blade starts to be formed by defining

splines across the all points of the blade. The surfaces were
programed to be created automatically from these lines, using
as much automation as possible in order to be possible to
change the geometry at any time without having to redefine
all the surfaces.

2.3 Post Processing

To evaluate the quality of the design, it was necessary to
calculate the power that could be extracted from the blades.
The method achieved consists of using an OpenFOAM library
that calculates forces and moments on a determined surface
for each time step, which can be viscous or pressure forces,
saving the results to a data file, which means it would give
all the information needed to calculate the mechanical power
generated by the blades. The information obtained has then
to be processed: the correct couples of forces (viscous and
pressure based) were added the power obtained from a rotat-
ing body was calculated using moment generated by the flow
on the blades (Torque - T),

P=TxQ, 9)
where  is the rotation speed in rad/s. In addition, the
drag/trust forces were also calculated, which are important
as the structural elements in the HAWT must be able to sup-
port it, and the power coefficient (Cp) which served as a
comparison between the results obtained, and the maximum
theoretical possible and the values which are reachable with
todays top commercial solutions. To present the results as
clear as possible, it was created a small code which make the
calculations and generate the plots of the parameters calcu-
lated throughout the simulations.

3 FSI SOLVER DEFINITION

3.1 icoFsiFoam

icoFsiFoam is the fluid-structure interaction (FSI) solver
available in the standard distribution of OpenFOAM [18].
This solver is useful for weakly coupled systems with small
structural deformations and laminar fluid flow. The struc-
tural part is based on stressedFoam, thus limited to linear
stress strain relationships and small deformations. The fluid
part of the solver is based on the icoFoam and is limited to
Newtonian fluids in incompressible, laminar flow.

This solver consists, in fact, in having multiple solvers side-
by-side, which means that each solver uses its own mesh, with
access to its fields, material properties, solver controls, etc.
The fluid-Structure coupling is achieved through boundary
condition updates. In this case, this coupling is achieved by
the following loop: the pressure data from fluid is moved to
structure; the structural equations are solved; the displace-
ment of the solid mesh is then transfered to fluid mesh; the
fluid flow is solved with mesh motion and the loop restarts.

To test this solver, it was used a flow around a 2D struc-
tured mesh, and its structural counterpart. The flow has an
uniform velocity inlet at 4m/s and, the results are presented
in Fig.3 and Fig.4 for comparison with the developed solver.
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3.2 simpleFsiFoam

Due to the major limitations of icoFsiFoam, as the impossi-
bility to define a turbulent flow, it was necessary to develop a
solver that could model the flow around a turbine blade more
accurately. This was considered important due to the fact
that the flow over wind turbine blade is always turbulent. Is
was decided to develop simpleFsiFoam, a FSI solver based on
simpleFoam. This solver takes advantage of the simplicity of
simpleFoam, as well as the extra functionalities that it has
over icoFoam.

As simplicity and flexibility were important, the fluid-
structure coupling was achieved in the same way that is done
in icoFsiFoam, which means that there is still two different
meshes, one for the fluid and the other for the structural
solver. The meshes do not need to have the same amount
of elements in the correspondent boundaries, which is ideal
for the coupled optimization process, as small variations can
be accomplished from both meshes, without having problems
with the coupled properties.

As described earlier, the partitioned approach is being im-
plemented for this work, employing a staggered solution pro-
cedure wherein each domain. This approach was also used
because of the compatibility with black-box solvers, which
means that even though this solver has been developed to
use stressedFoam and simpleFoam, any of the solvers may be
replaced by a similar one, without much change in the code,
simply replacing the part were the calculations are made.

Each iteration begins with setting the pressure around the
solid mesh, using the last iteration fluid information. The
solid part is then solved and the displacement is applied, de-
forming both of the meshes, and finally the fluid is solved. Af-
ter each iteration, the solver evaluates if it is time to save the
solution, as it is possible to define in controlDict the writing
interval, and increments time, until the end time is reached.

To define a case, it is necessary to define the two cases
in the same folder and define symbolic links between them,
as is shown in Fig.2. These soft links linking together the
settings for the fluid phase with the solid phase are necessary
in order for the solver to get input to the solution of both the
fluid and structural equation systems. The fluid-structure
interface is defined after both the fluid and solid meshes have
been created.

The basic layout is the same as in any OpenFOAM case,
but much more information is required. In the 0 folder for
the fluid is defined the initial and boundary conditions, using
the U file to define velocity associated to each boundary; the
p file to impose the pressure settings; and nuT, nuTilda, k,
omega and epsilon are used to define the turbulence proper-
ties depending on the turbulence model to use. The file mo-
tionU contains the conditions for the deforming mesh motion,
which is a requirement for the FSI analysis. Using moving-
WallVelocity as the boundary condition in U at the interface,
the motion of the mesh at the interface is implemented as a
Dirichlet boundary condition for the fluid velocity. For the
solid mesh, in 0 the only property that has to be defined is

the initial displacement which is set on the u file.

ﬁ <case>
Lﬁ fluid Lﬁ solid

0 — 0

u u
P

nuTilda

nuT

motionU

k, epsilon, omega

— constant — constant

polyMesh polyMesh

points points

cells cells

faces faces

boundary boundary
couplingProperties mechanicalProperties
dynamicMeshDict
RASProperties
transportProperties
turbulenceProperties

- system — system

controlDict
fvSchemes
fvSolution
tetFemSolution

fvSchemes
fvSolution

Figure 2: Schematic of the definition of a case for simpleFsiFoam

In the the constant directories most of the information con-
tained is about the meshes and the material properties, as ex-
plained previously, the polyMesh folders contain all the nec-
essary information about the meshes, as for the fluids trans-
port properties, such as density and viscosity, are defined in
the file named transportProperties, while the solids material
properties like density, Young modulus, possion coefficient
etc., are defined in mechanicalProperties. As the names de-
note, the turbulence properties and model are defined using
the RASProperties and turbulenceProperties files. In the con-
stant of the fluid part are also defined most of the settings
governing the fluid-structure interaction are defined: in cou-
plingProperties are defined the coupled boundaries and the
moving mesh patch; the settings for the solution of this patch
motion are defined in dynamicMeshDict.

The system directories are where the solution procedure is
setup. Settings such as end time, time step and time interval
for output to be written are all defined in controlDict, also in
this file is defined if some none default library is going to be
used, as is the case with the library that calculates the forces
or the special libraries for turbo-machinery applications. The
files fuSchemes contain information about which differencing
schemes to use and the files fvSolution the settings for con-
vergence tolerances.

In the development versions, OpenFOAM has a vertex-
based, unstructured mesh motion solver, which is used in
this case. This solver executes Laplace face decomposition
and performs very well for many problems and it is easy to
implement because only motion on the tracked interface is re-
quired, but it does have limited functionality. In particular,
in its current form it does not function properly for parallel
solutions and it does not support periodic (cyclic) bound-
aries. This is a major limitation to the use of OpenFOAM
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as a fluid-structure interaction tool for turbo-machines, as
this machines usually have periodic geometries, which means
that a big part of the computing power is wasted because of
the impossibility to use periodic boundaries. Furthermore, in
the special case of the horizontal axis wind turbine where 3D
effects are very important, the analysis would really benefit
from a finner mesh that could only be feasible with the use
of parallelization.

The same case that was tested with icoFsiFoam was tested
with the new solver. The results were similar but, as in the
case where it was used simpleFoam, the decrease in velocity
due to turbulence is evident.

U Magnitude
1.79184
20

(a) icoFsiFoam

U Magnitude
Is.ussso

(b) simpleFsiFoam

Figure 3: Velocity arround a 2D beam using FSI solvers.

Comparing the results of the deformation of the beam be-
tween the two fluid-structure interaction solvers in Fig.4, it is
possible to observe that the laminar solver produces a larger
deformation of the beam, as the velocity is bigger, so is the
pressure differential between the two sides of the blade.

U_0 Magnitude U_0 Mognitude
P.024056 .Oﬂ'{].'r‘dé'l
002 foais
0012
ool 10.008
| iCI.CIOd
o 0

(a) icoFsiFoam (b) simpleFsiFoam

Figure 4: Displacement caused by the flow around a 2D beam

3.3 fsisimpleSRFFoam

After trying to obtain results by applying a series of rotat-
ing velocity boundary conditions, using simplefsiFoam, this
revealed to be impossible. To obtain better results for the
HAWT blades simulations, and considering the limitations in
the computing power available, it was necessary to find a so-

lution that brought better results and was computationally
cheap.

The solution to this problem was obtained by using a single
rotating frame (SRF) solver, since a rotating frame of refer-
ence is often used to model flows in rotating machines. In this
solver the flow is unsteady in an inertial frame because the
blades or rotors sweep the domain periodically as shown in
Fig. 5(a). However, it is possible to perform the calculations
in a domain that moves with the rotating coordinate which
is fixed on the rotating part, and for this the angular velocity
must be set as symmetric to the real velocity (Fig.5(b)). The
flow is steady relative to the rotating frame, which reduces
the computational cost needed for a more accurate analysis.
When transposing the results for the inertial referential, it
appears as the blades are moving(Fig.5(c)).

This approach is appropriated when the flow at the bound-
ary between the rotating parts and the stationary parts is
weakly affected by the interaction. It provides a reasonable
time-averaged simulation result for many applications. Ro-
tating frames do not physically rotate anything and therefore
do not show transient effects due to the real motion and the
Coriolis and centrifugal forces are treated as body forces. Any
problems where transient effects due to rotor-stator interac-
tion are small are candidates to use the rotating frame of
reference approach.

(a) Inertial referential (b) Rotating
tial

referen- (c) Equivalent motion
of the blades

Figure 5: Single rotating frame of reference. In [19].

Using the same strategy as it was explained in Sec.3.2, it
was developed another FSI solver for OpenFOAM, now using
as base the Single Rotating Frame Solver(simpleSRFFoam).
This was the solver used in the final simulations, which pro-
duced relatively good results. In the definition of the case,
the only differences to the simpleFsiFoam case is that the
rotational speed must be defined, in the constant folder, in
a file called SRFProperties, and the boundary conditions for
the velocity are now defined in the Urel file, where the veloc-
ity in the boundaries may be defined as relative or absolute.
As stated before, all the calculations are made in the rotating
referential and, only at the end, properties are transposed to
the inertial referential. In this the absolute velocity is called
Uabs.

4 Wind Turbine Definition and Simulations

The final simulation results that were considered important
to reach to the FSI simulation, as well as the results for this
simulation will be presented in this section.
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4.1 Wind Turbine Flow Simulation

Using simpleSRFFoam was then possible to simulate correctly
the flow around the blades. The mesh used is presented in
Fig.6, where the angular velocity was set to —15.11rpm and
the inlet axial velocity was set to 12.1m/s. The results for
the velocity vector field (Fig.6(b)), were as expected in a rotor
of a wind turbine, and the convergence was achieved quickly
and even the values for mechanic power produced, from the
pressure differential between the side of the blades, seemed
promising.

(b) Velocity vector plot

(a) Mesh

Figure 6: SRF simulation of the rotor.

x
Figure 7: Final geometry of the HAWT rotor.

After defining the blades, the last concern was a way to
connect them to the central hub. To give a more realistic
feeling to the flow, the blades were joined to it with sim-
ple cylindrical connections. The hub and the connections are
presented in gray in Fig.7. This is not a perfect solution as,
in a real wind turbine, only a very small portion of the hub
actually rotates, as the rest is used to store the electric gen-
erator, but this solution solved the problem explained before
and it seemed to generate a wake much like it was expected.
The dimensions and characteristics of the final simulation are
presented in Tab.1.

The outer surfaces of the mesh, where the inlet and outlet
of the flow are located, were defined by a third of a cylinder
defined using the dimensions of the blade as input parameters
and then multiplying them to obtain a volume big enough so
the outer boundaries did not affect the flow around the wall.
It was first tried to run the simulations with only one sector
of the rotor, using periodic boundaries, but it revealed to
be unfruitful as the simulations had convergence problems.

Table 1: Final design parameters of a HAWT blade.

Rated wind Speed | 12.1m/s
Diameter 103.8m
Number of Blades 3
)‘design 7.5
Rotor Speed 15.11rpm
Angle of Attack 2°
Hub Diameter 3Im
Hub length 10m

Using ICEMCFD geometry functions, the points, lines and
surfaces created were copied and rotated to angles of 120°
and —120°, forming the complete fluid domain presented in
Fig.8.

Figure 8: Fluid domain of the final fluid mesh.

The blocking on this geometry was done very carefully, to
obtain a good discretization of the domain. This was a very
time consuming process for a geometry this complex, but it
was necessary when there was a non-fluid part totally inside
the fluid, to differentiate what was fluid from what was void
space, the empty space should not have a block. This geom-
etry was then particioned 73 blocks, that defined all the fluid
around the three blades and the hub.

The mesh generated was chosen to be tetrahedral, to model
the blade with better detail, and the element size was tunned
so that it was possible to obtain good results with as small as
possible computational power. The rotor region was defined
with more definition to account for boundary layer effects and
obtain better results for the fluid structure coupling. The
elements in this area are around five times smaller then the
ones on the rest of the mesh. In an effort do maintain the
simulation as quick as possible the mesh was restrained at a
little above 1 million cells, which give it good definition. The
final fluid mesh can be observed in detail in Fig.9.

This mesh was also tested through a simpleSRFFoam simu-
lation using the same conditions described above. The results
for the simulation are presented in Fig.10, the velocity field
is now exactly as it was expected, rotating at constant speed
and with visible axial velocity, consistent with the previous
cases.

If it is considered that the values are symmetric to the real
ones due to the use of the rotating frame, the pressure on
the rotor surface (Fig.11) also shows a distribution consistent
with what is expected from a HAWT blade, with a clear pres-
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(c) Rotor Detail

Figure 9: Final fluid mesh details.

sure differential between the two sides, presenting a suction
peak near the leading edge.
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Figure 10: Final results for the flow simulations.
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Figure 11: Pressure on the rotor.

4.2 Wind Turbine Blade Structural Simulation

Although it was one of the main points in the work, it was
necessary to simplify the structural model due to time re-
strictions. It was decided to eliminate the contributions of
the leading and trailing edge of the blade in order to have a
more regular mesh. As it seemed that the problems with the
ICEMCFD meshes in stressedFoam were related to the un-
structured meshes, it was created a structured mesh for the
wind turbine blade that could represent this blade accurately
using only hexahedral elements.

Figure 12: Blade structural mesh.

The blade is then defined as a solid with hexahedral ele-
ments seen in Fig.12, with similar structural characteristics to
aluminum. This is a very simplified solution but acceptable
as most of the structural loads of the blade are supported by
webs in the center part of the blade [8], as so that this is the
instrumented part on structural testings.

Using this mesh, and applying a pressure of 600Pa in the z
direction at the tip, the results obtain are presented in Fig.13.
The displacements results were as expected, almost zero in the
other directions and is only a valuable value in the direction
where the force is applied.

As for the stress, the results obtained were also physically
consistent and show that the major concentration is in the
thinner portion in the clamped top.
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Figure 13: Simulation of the blade using stressedFoam.

As the results seemed good enough, this was the mesh that
was used in the following FSI studies.

4.3 FSI Simulation and Results

After all preliminary studies concluded, the results for the
fluid-structure interaction in a HAWT are presented in this
subsection. The meshes, materials properties and fluid
boundary conditions were the same that were defined in the
last case for each part, with the necessary difference that now
the blade was left free to deform in both solid and flow meshes.

The results obtained for the deformation are shown in
Fig.14. This displacements, considering all the simplifica-
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tions that were made, are impressive. If a solid metal beam
dislocates more than 2cm just by the effects of the flow, it is
possible to infer that these displacements, can indeed become
a problem. Furthermore, it is also notable that the major
displacements happen in the directions normal to the flow.
This clearly shows that the solver is being capable of passing
the single rotation frame results to the structural domain.

U Magnitude
f.ﬂzaoz

002

fo01

I

Figure 14: Displacement in the blades due to the flow.

In the flow domain, the results shown are also interest-
ing: as shown in Fig.15, the pressure differential between the
sides of the blade is clear, pushing the blade due to aerody-
namic forces, producing power as shown next. The velocity
profile also showed physically correct results, the domain is
definitely moving at constant rotational speed as, it is visible
in Fig.15(b), the velocity increases linearly from the root of
the blade to achieve the maximum value in the tip.
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Figure 15: Flow results on the FSI simulation of the HAWT blades.

Using the script described in Sec.2.3, the values for the
mechanical power and power coefficient were calculated and
presented in Fig.16. The results are probably a bit over pre-
dicted since, as the forces script in OpenFOAM might not be
very accurate. Nevertheless, the turbine in which the param-
eterization was based [14] was projected to produce 5MW so
the results obtained are in concordance with this.

GeneratedPower fom Sl simuton e e

Power (watts)
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(a) Power, converged at 4.24MW (b) Cp, converged at 0.46

Figure 16: Charts of the power produced in the FSI simulation.

The values obtained of 4.24 MW for produced power and
Cp of 0.46 are consistent with current values for high power
wind turbines but are probably too optimistic for a design in
this early stage. Anyway, this demonstrates that the method
for designing the blades for wind turbine works and produces
acceptable results.

5 CONCLUSIONS AND FUTURE WORK

First of all, it is important to notice that, even if this was
doubted several times during the course of this work, it is
possible to accurately produce simulations of complex sys-
tems, such as a high power HAWT, using open-source soft-
ware, namely OpenFOAM. With the appropriate base knowl-
edge and after development of the needed tools, it is not much
more complex than the commercial available options and it
has several advantages over them.

Fluid-structure coupled design is one of the areas which
should have a major boost in the next few years, as consider-
ing these effects from an early stage in the design process can
make serious improvements in the final design, and the appli-
cations where this coupling is indeed important are countless.

Regarding the development of the FSI solver, it is not per-
fect because OpenFOAM is missing a good structural solver
that could make the FSI solver for the analysis of wind tur-
bine blades much more accurate.

The results obtained are a clear indicator that this is a
problematic area in the design of wind turbine blades. Even
with all the simplifications made, ending up with a structural
model that is not very realistic, the results can be extrap-
olated to a more realistic scenario. The results show that
if the blade was a solid aluminum beam, the maximum dis-
placement caused by flow induced forces would be around two
centimeters, which means that if the blade was more realistic,
that is, if the structure was much more flexible than the one
that was tested, the results could have been really impressive.

The pressure and velocity profiles were not altered too
much when changing for the FSI solver but, if the results
for the 2D case that was used to validate the results of the
solver are considered, it is possible to infer that if the blade
was modeled following a blade structure, there would be sig-
nificant the changes in velocity and pressure profiles.
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As discussed in the previous section, the predictions for
power output seemed very good, almost too good to be be-
lievable. These predictions also show that even though the
pressure and velocity might not have converged so quickly,
integral proprieties, such as power and "thrust”, seemed to
converge much faster, once again showing that the simula-
tions were stable.

As all the process was planed to be automated, it will not
be too difficult to implement simple optimization techniques
to improve design of this blade. Using a simple gradient-based
method would be a good start to optimize something small
like the optimum angle of attack or the thickness of the load
bearing spar.

With the completion of this work there are a lot of options
to expand and improve the development made until now. The
most urgent topic that needs to be addressed is the mesh for
the structural solver, as it is important to have a mesh that
can accurately describe what is being modeled. The base
design should be much like a airplane wing, with a structural
foundation with spars and ribs that go all the way through the
blade, forming a boxed structure, and then completed with a
composite skin to give the aerodynamic shape and distribute
the flow induced forces.

To have a FSI solver that is useful for designing wind tur-
bine blades, it is necessary that it is able to solve structural
problems using composite materials. Without it, the blade
will never be modeled correctly as there are not any cur-
rent blade designs that do not use composite materials as
structural elements and skins. This is the major limitation of
stressedFoam, in which, it is only possible to analyze isotropic
materials. In the current state of the solver it also is not
possible to acquire stress states, which also should be a top
priority.
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