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Objective functions for the blade shape
optimization of a cross-flow tidal turbine

under constraints

Karla RUIZ-HUSSMANN, Pierre-Luc DELAFIN, Cyrille BONAMY, Yves DELANNOY, Dominique
THEVENIN and Stefan HOERNER

Abstract—Hydro-kinetic  cross-flow tidal turbines
(CFTT) are omni-directional and offer higher area-based
power density compared to horizontal-axis tidal turbines,
making them very attractive for tidal energy exploitation.
However, the rotating motion around the vertical axis
results in continuously varying angles of attack, causing
alternating loads, which may lead to fatigue failure and
structural damage. The OPTIDE Project addresses these
challenges by implementing intracycle blade pitching
to individually control the angle of attack, increasing
the power coefficient Cp and reducing structural loads.
For this purpose a Darrieus turbine is designed with
embedded actuators in each blade. Firstly a blade shape
optimization will be conducted to fit the actuator at the
quarter-chord position while ensuring sufficient thickness.
The optimization procedure couples Computational Fluid
Dynamics (CFD) with a Genetic Algorithm. The employed
optimizer OPAL++ sets ten variables for each individual,
which describe the hydrofoil shape, length and tip speed
ratio (TSR). A smooth hydrofoil shape is generated from
the variables, followed by an automatic mesh generation.
Subsequently, numerical simulations of each individual at
the desired TSR are conducted, while keeping the blade
pitch angle constant. Simulation results provide the Cp
and stress acting on the turbine blades, which are the two
optimization objectives (maximize Cp while minimizing
stress). This process is repeated during the optimization,
aiming to determine the most suitable blade shape, that
fits the actuator, and operating point (TSR) in a trade-off
between Cp and structural loads. This will lead to the
increase of efficiency and a longer turbine lifetime.

Index Terms—Cross-flow tidal turbine, vertical axis tidal
turbine, active variable pitch, optimization, CFD

I. INTRODUCTION
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N order to reduce the emissions of greenhouse gases

and thus mitigate the climate change, a transition
from fossil to renewable energies is urgently needed.
Among the wide range of renewable energies, includ-
ing solar, wind and hydropower, the latter stands
out for its ability to remain unaffected by short-term
weather changes and can thus be a reliable energy
source. Conventional hydropower has made a notable
contribution to the generation of renewable energies
by covering up to 4476 TWh of the world wide energy
consumption in 2020 as stated in the renewable energy
statistics 2022 from the International Renewable Energy
Agency (IRENA) [1]. Nonetheless, in order to harness
the potential energy of the water, typical hydroelectric
power plants require a sufficiently large hydraulic
head, commonly achieved by using supporting struc-
tures such as dams, which impact the local ecosystem
by creating a barrier in natural waterways. Besides
this, most of the global locations are already being
exploited, making it difficult to expand the energy
production using conventional hydropower [2].

Recognizing the aforementioned limitations of con-
ventional hydropower, research has been focusing on
alternative solutions such as harnessing the vast poten-
tial of ocean energy. Analyses of IRENA project that
until 2030 up to 10 GW of ocean energy could be
installed worldwide [3]. Nevertheless, as of 2022 the
installed capacity of marine energy corresponded to
only 524 MW [4], showing the significant potential in
the ocean energy field.

The sector of ocean energy can be classified by
the various technologies, including tidal barrage, tidal
stream and wave energy, among others. Of these, tidal
barrage is the most commonly employed technology,
followed by tidal stream, as stated by IRENA 2020 [3].
The tidal barrage technology captures the potential
energy created by the difference in height between
low and high tide and must therefore be built close
to the coasts, limiting the number of possible sites
worldwide. Another drawback of this technology is
that, similar to conventional hydropower, additional
supporting structures are required, resulting in greater
environmental impacts. Compared to this, in a similar
manner to wind turbines, the tidal stream technology
only uses the kinetic energy of the tidal current, and
can therefore be positioned in open waters without
needing extensive additional structures, making them
more environmentally friendly and additionally raising
the local acceptance as it may be perceived as less
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disruptive by the local population (Holzman 2007 [5]
and Miiller et al. 2023 [6].

These hydro-kinetic tidal turbines are usually catego-
rized into axial turbines, often known as horizontal axis
turbines (HAT), and vertical axis turbines. The latter,
also referred to as cross-flow tidal turbines (CFTT),
feature their central axis perpendicular to the direction
of the incoming flow and are the technology to be con-
sidered in this study. CFTTs feature many advantages
over HAT, including that they are omni-directional.
Due to the positioning of the central axis they are in-
sensitive to the flow direction, eliminating the need for
a yawing system and making them perfectly suitable
for harnessing energy of tidal currents as stated by
Abbaszadeh et al. 2019 [7] and Delafin et al. 2021 [8].
Another main advantage is that CFTTs feature higher
area-based power density in comparison to HAT as
shown by Dabiri 2011 and others [9]-[11].

Despite the mentioned advantages of cross-flow tidal
turbines, there are still some drawbacks and challenges
remaining. One of these is, that due to the rotating
motion around the vertical axis, each blade experiences
continuous variations of the angle of attack during one
revolution. This may cause dynamic stall as well as
high alternating loads, which lead to fatigue failure,
lower lifetime and even structural damage of the tur-
bine, as reported by Kirke & Lazauskas 2011 [12], Ab-
baszadeh et al. 2019 [7] and Balduzzi et al. 2021 [13]. For
the same reason, CFTTs additionally feature a lower
overall turbine efficiency compared to HAT (Kirke &
Lazauskas 2011 [12], Delafin et al. 2021 [8] and Hoerner
et al. 2021 [14]).

As mentioned before, it can clearly be seen, that
there are still some challenges for CFTTs which need
to be overcome in order to reach full potential of
these turbines. Different propositions can be found in
literature in order to increase turbine efficiency while
trying to reduce blade stall. These approaches include
adapting and optimizing the blade shape, as presented
by Mohamed 2012 [15], Dar6czy ef al. 2018 [16] and
Hashem & Mohamed 2018 [17] for a wind turbine and
by Yang & Shu 2012 [18] for a helical tidal turbine, or
changing typical geometrical design parameters, such
as the amount of blades. Still, the three-bladed turbine
is generally found to be the best solution as reported
by Kirke & Paillard 2011 [12].

Another very promising approach to increase turbine
efficiency and reduce stall is blade pitching, which al-
lows to change the angle of attack of the turbines blade
during one rotation. Blade pitching can be conducted
in a passive or active manner. During passive pitching
the blade is allowed to move freely, whereas active
pitching mechanically changes the angle of attack of
each blade. Several studies have been conducted for
passive blade pitching, e.g. by Hantoro et al. 2011 [19],
Lazauskas & Kirke 2012 and others [20], [21], as well as
for active pitching by Hwang et al. 2009 [22], Branger et
al. 2018 [23] or Delafin et al. 2021 [8] among others [7],
[24], [25]. Kirke & Lazauskas 2011 [12] and 2012 [20]
suggest that the latter has a great potential to increase
turbine efficiency while reducing stall and alternating
loads on the turbine. However, only few experimental
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Fig. 1. 3D Model of the CFIT developed in the OPTIDE project

studies have been conducted on active blade pitching,
for example by Hwang et al. 2009 [22] or Liang et al.
2016 [25], giving less promising results as the support
structure of the pitching mechanism causes unfavor-
able hydrodynamics and, therefore, reduces turbine
overall efficiency.

Summarizing, it is still necessary to conduct further
research on the implementation of the blade pitch-
ing mechanism. The OPTIDE project described in this
study, aims to investigate the effect of pitching blades
on CFTTs by coupling experimental and numerical re-
search. The objective of the project is to develop a three-
bladed CFIT flume model with a blade-embedded
pitching mechanism in order to experimentally opti-
mize the pitching trajectory of each blade. In Fig. 1
the 3D model of the OPTIDE Turbine can be seen.
Due to restrictions given by the size of the flume tank
used in this project, the turbine has been designed with
a diameter D of 400 mm as well as a blade height
H of 400 mm. The three blades of the turbine are
connected with the shaft through two blade supports,
which are located at the top and bottom of the blades.
This setup allows to position the pitching actuators
inside of each blade, hiding them from the flow and
therefore reducing drag. A global description of the
project and details of the experimental optimization
approach for the blade pitch trajectory are given by
Hoerner et al. 2023 [26].

In order to fit the actuator inside the blade while
complying with necessary scales and geometrical con-
straints it is indispensable to find a suitable blade shape
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Fig. 2. Flowchart of the optimization loop showing the main programs used and the tasks completed in each step.

for the turbine. As mentioned before, similar studies
have been conducted before with the purpose of find-
ing blade shapes that improve the turbines efficiency,
such as presented for example by Mohamed 2012 [15],
Carrigan ef al. 2012 [27], Bedon et al. 2016 [28], Daréczy
et al. 2018 [16] and Hashem & Mohamed 2018 [17].
However, these studies were performed in order to im-
prove the aerodynamic efficiency of vertical-axis wind
turbines. It can not be assumed, that the found shapes
are optimal as well for CFTTs, as these have different
operating points (lower tip speed rations and thus
higher angles of attack). Additionally, the proposed
shapes do not guarantee the fitting of the actuator
at a quarter-chord position and they do not take into
account the structural loads, which truly affect turbine
lifetime. For this reason, it is necessary to conduct a
dedicated blade shape optimization in order to find
a suitable blade design, constrained by the actuator
size, and the corresponding optimal operating point,
defined by the tip speed ratio (TSR). The objectives
of the optimization include (1) maximizing the power
coefficient Cp and additionally (2) minimizing the
structural loads as quantified by the stress within the
blade.

In this paper the methodology employed for the
blade shape optimization of the OPTIDE project is
presented. The main focus is set on the definition of the
objective functions, as it introduces a novel approach
not yet found in existing literature.

II. METHODOLOGY

The aim of the optimization is to find the optimal
blade shape that fits the actuator and the best operating
point in order to maximize the power and minimize the
structural loads on the turbine. The operating point of
turbines is defined by the tip speed ratio (TSR), which
describes the ratio between the tangential velocity of
the turbine, given by the angular velocity w multiplied
by the turbine radius R, and the velocity of the incom-
ing flow veo:

Tsr = “T 1)

Voo

The subsequent section provides a detailed descrip-
tion of the applied methodology for the blade shape
optimization, which consists of computational fluid dy-
namics (CFD) coupled with evolutionary algorithms.
The optimization process can be subdivided in sev-
eral components: the optimization software, the blade
shape and mesh generation, the CFD simulation and
the post processing of the results in order to calculate
the optimization objectives. Fig. 2 shows a flowchart of
the optimization loop and the interaction between the
different components.

The main component of the optimization process is
the employed optimization algorithm as it acts like a
higher-level process that executes and evaluates the
sub-tasks conducted during the optimization. Many
different algorithms exist in order to solve optimization
problems. In the present study, a Genetic Algorithm
has been selected as they are known for their efficiency
to find a global optimum, instead of being limited by
converging towards local maxima as stated by Ouyang
et al. 2006 [29] and Shahrokhi & Jahangirian 2007 [30].
For this research, the optimization tool OPtimization Al-
gorithm Library ++ (OPAL++) developed at the Otto von
Guericke University Magdeburg and firstly introduced
by Daréczy et al. 2014 [31], has been employed. This
algorithm has already been successfully used for many
different single- as well as multi-objective optimization
problems by Dar6czy et al. 2014 [31] and 2018 [16], Ab-
baszadeh et al. 2019 [7], Kerikous & Thévenin 2019 [32],
Mansour et al. 2020 [33] and Das et al. 2022 [34].

As mentioned before, in the presented work a multi-
objective optimization will be conducted, with the aim
of maximizing the power coefficient Cp and reducing
the stress in the turbine blades during one revolution.
The exact definition of the objective functions will be
presented later in section II-C. During the optimization
process a minimum of 500 different individuals will
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Chord length variable (C)
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Fig. 3. Definition of the points that determine the hydrofoil shape.
Points marked with red stars are fixed, whereas blue circles change
for each individual

TABLE I
VARIABLES SET BY THE OPTIMIZER AND THEIR MINIMAL AND
MAXIMAL VALUES

Variable Minimal Value = Maximal Value
C 60 mm 90 mm
TSR 1.5 3.0

YO -10.0 mm 0.0 mm
Y2 -10.0 mm 0.0 mm
Y3 -10.0 mm 0.0 mm
Y6 -10.0 mm 0.0 mm
Y7 -10.0 mm 0.0 mm
T2 2.0 mm 5.2 mm
T3 2.0 mm 5.2 mm
T6 2.0 mm 6.5 mm

be analyzed. For each of these individuals the opti-
mization algorithm OPAL++ sets ten different design
variables, including the TSR, the chord length and
eight points which define the hydrofoil shape (see Fig.
3). In section II-A the generation of the blade shape is
described in detail. In order to keep the blade shape,
size and TSR in a range that makes sense for the
given application, constraints are set for the different
variables in the optimizer. Table I shows the ten de-
sign variables and the minimal and maximal values
allowed. Additionally, five more constraints were im-
posed to exclusively permit the cambering of the blade
in one direction and enforce a shape that becomes
thinner towards the trailing edge. These constraints
ensure that all considered shapes will be meaningful
and could be really produced.

These variables are handed over to a Python script
which generates a smooth hydrofoil shape, out of
which a mesh is generated. Subsequently the CFD
simulation of each individual follows. It will be per-
formed on the cluster at the Laboratoire des Ecoule-
ments Géophysiques et Industriels (LEGI) in Grenoble,
France. The steps of the shape and mesh generation as
well as the CFD simulations are further explained in
section II-A and II-B. When the simulations are finished
the results are exported to a Python script using the
FluidFoam package developed at LEGI [35]. The objective
functions of the optimization are calculated and passed
back to the optimizer. Finally OPAL++ evaluates the
results of all the individuals and generates a new set
of hydrofoil design parameters, derived from the best
performing individuals by cross-over of the parental
parameters for the offspring. Additionally a mutation
is performed by the optimization algorithm in order to
explore the entire possible design space while search-
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Fig. 4. Computational domain and block structure of the mesh.
The blue blocks remain constant for each individual, the red blocks
represent the individually generated meshes. Note that the image is
not to scale

ing for a global optima. Thereupon the optimization
loop starts again.

A. Shape and mesh generation

This subsection describes how the blade shape is
generated from the given design parameters of the
optimizer as well as the subsequent generation of the
mesh. The blade shapes of each individual are initially
defined by ten different points, which can be seen in
Fig. 3. The two red points are fixed at the quarter chord
position in order to protect the necessary thickness
required for the pitching actuator. The coordinates of
the blue points are variable for each individual and are
defined as function of the chord length; they constitute
the eight parameters set by the optimizer. These eight
parameters are split into five values representing the y-
coordinate of the camber line and three values for the
thickness of the blade at three locations of the blade.
The exact definition can be retrieved from Fig. 3.

The resulting ten points are processed by a Python
script, which makes use of the scipy interpolation pack-
age to fit a Bézier curve and to generate a smooth
hydrofoil. The output of the python script is a list
of 2000 points that defines the blade shape. These
points are then automatically written into a so-called
dictionary file (blockMeshDict) needed for the meshing
utility.

In the present work the open-source OpenFOAM
toolkit (version 2212 from the ESI fork) is employed
for the mesh generation and the CFD simulations. For
the mesh generation the blockMesh utility has been
chosen, as it allows to fully control the meshing process
ensuring a high-quality two-dimensional structured
hexahedral mesh for each individual. Fig. 4 shows the
computational domain of the turbine as well as its
block structure. It can be seen that the mesh consists of
several parts, each highlighted in a different color. The
parts highlighted in different shades of blue remain
constant for all the individuals, while the red blocks,
the so-called blade sub-domains, are meshed again
for each individual. The blade mesh is constructed
on the base of the blockMesh dictionary file mentioned
before, which contains the list of points describing the
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blade shape. For the mesh it has been taken care to
satisfy y* ~ 1 (the maximally measured value was 1.6)
close to the blade wall for a fully resolved boundary
layer accordingly to the requirements formulated by
Maitre et al. 2013 [36]. Subsequently all different mesh
components are joined together with the mergeMesh
function of the OpenFOAM toolkit, resulting in a mesh
with 121,000 cells.

After the mesh has been generated the checkMesh
function of the OpenFOAM toolkit is employed in
order to verify, that the automatically generated mesh
complies with necessary requirements. The parameters
have been customized in order to use only well defined
meshes for accurate results in the process. If checkMesh
fails, the individual automatically becomes invalid and
will not be taken into account for further steps. A
test was conducted in order to quantify the quality
of the generated meshes. 200 different blade shapes
and their corresponding meshes were created with the
optimization tool and it was shown that less than 20%
failed the mesh check.

B. CFD simulation

Following the completion of the meshing process,
the CFD simulation is performed. The pimpleFoam
solver of the OpenFOAM toolkit will be employed in
order to solve the incompressible Unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations. The k —
w—SST (Shear Stress Transport) turbulence model
has been selected in order to accurately model the
Reynolds Stresses.

At the inlet boundary the velocity of the incoming
flow was set to v, = 0.8 m's™!, representing the flow
velocity in the flume used for the experiments of the
OPTIDE project. The turbulence intensity was set to
15% (k = 0.024 m?.s72), which dissipates to 0.27%
at the location of 1D before the turbine (x = -1D,
k =7-10"5 m?.s72). The pressure at the outlet boundary
was set to 0 Pa. The chord-based Reynolds number
features a wide range from Re = 24,000 to 287,500,
due to the variable blade length (60 mm to 90 mm)
and TSR (1.5 to 3.0) as well as the alternating relative
speed w = v + wR. Additionally, the simulations
were initialized by mapping the flow field of a fully
converged reference simulation (see section III, ran for
40 turbine revolutions). Tests with a few cases showed
that with this technique, the variation in Cp between
two consecutive revolutions is around 5% lower than
with standard (uniform) initialization, which leads to a
faster convergence of each individual and reduces the
calculation time by roughly 20%.

For each individual, ten turbine revolutions were
simulated with a time step of 1°, which was deter-
mined through a time step independence study. Each
simulation is carried out in parallel on 4 cores of the
LEGI cluster (in order to have at least 30 000 cells
per core), whereas 32 different cases were executed
simultaneously on the cluster. The time needed in order
to solve each case depends on the settings (blade shape
and TSR) of each individual. However, the test case
presented in section III required roughly 14 hours (56
CPU hours) to simulate ten turbine revolutions.

C. Objective functions

During the simulations, the forces and moments on
each blade are saved for each time step. When the
simulations are finalized the results are imported to
the post processing Python script using the FluidFoam
package [35], in order to calculate the two objective func-
tions, (1) the cycle-averaged power coefficient Cp and
(2) the cycle-averaged so-called stress factor f,. Finally,
these two values are handed over to the optimizer,
which evaluates the results of all the individuals of one
generation and generates a following set of individuals
based on the fittest cases.

The first objective function in the present study is
to maximize the power coefficient Cp, in order to
find a suitable blade shape and TSR that increases
the performance of the turbine. This objective function
is typically used for similar optimization problems as
conducted by Daroczy et al. 2018 [16], Hashem & Mo-
hamed 2018 [17] and Kerikous & Thévenin (2019) [32].
The power coefficient Cp describes the ratio between
the mechanical power generated by the turbine to the
theoretical kinetic energy of the flow as shown in (2),
with @ the turbine torque, w the rotational speed of the
turbine, p the water density, A the cross-section of the
turbine and v, the inflow velocity.

C :Pmech: Q'w
’ Protal O.5-p~A~’U§O

@

As mentioned before, one of the biggest drawbacks
of CFTTs is that they operate with a constantly chang-
ing angle of attack during one turbine revolution,
causing high alternating loads, which leads to fatigue
failure and even structural damage. To improve CFTTs
turbines it is therefore not only necessary to increase
their power output but also to decrease the high alter-
nating loads experienced by the turbines blades. For
this reason, in the present study it has been chosen to
add a second objective function, that takes the occur-
ring stresses in the blades — an indicator for fatigue —
into account. In order to calculate the stresses in one
blade during one revolution, the blade is modeled as
a beam that is fixed at both ends (top and bottom of
the turbine) with an evenly distributed load ¢ given in
N/m over the whole span of the blade. Fig. 5 (a) shows
a schematic representation of the clamped beam with
the evenly distributed load ¢ represented in blue and
the resulting forces (Fay, Fpy) and moments (My, Mg)
acting on the supports shown in red.

Due to the rotating motion of the turbine, the blade
experiences a constantly changing angle of attack and
therefore a varying relative speed during one revolu-
tion. As a result, the blade is subjected to alternating
forces, which can be split up between the tangential
and normal components. The tangential force F; pro-
duces torque and is the driving force of the turbine,
while the normal force F}, causes the structural loads
[37]. For this reason the evenly distributed load ¢ is
derived from the normal force F}, acting on the entire
span of the blade.

In order to calculate the internal stresses experienced
by the blade, the first step is to calculate the forces and
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Fig. 5. (a) Schematic representation of the blade, modeled as a beam
fixed on both ends with an evenly distributed load ¢ over the span of
the blade, shown in blue. Forces and moments acting on the supports
are presented in red. Qualitative course of the internal forces (b) and
moments (c) experienced by the presented beam setup

moments acting on the supports A and B. Following
the method proposed by Luévanos Rojas & Montoya
Ramirez 2014 [38] using the Bernouilli-Euler theory,
fixed-ends forces and moments can be calculated with
(3) and (4). In this model g is the evenly distributed
load caused by the normal force F, (from the pressure
acting on the blade) and [ is the length of the blade,
corresponding to 400 mm in the present study.

-1
FA,y:FB,y: s (3)

q-1?

Mp = Mp = B 4)
After determining the fixed-ends forces and mo-
ments, it is necessary to calculate the internal forces
and moments experienced by the blade. In the pre-
sented system the blade will experience shear 7 and
bending stresses o, x caused by an internal shear force
Fyy and a bending moment M, , respectively. For this
reason the latter shall be determined as stated in (5)
and (6), with z being the location of the blade on which

the force and moment shall be calculated:

Fq,y:CI'(i_Z) (5)
2
Mb,ng.(z-z—f—%) )

Fig. 5(b) and (c) display the course of the internal
forces and moments qualitatively over the span of the
blade respectively. It can be seen, that the magnitude
of both values are highest at the clamped ends of the
blade (z = 0 mm and z = 400 mm). Therefore, it is only
necessary to calculate Fyyy and My at z = 0 mm or z =
400 mm during the optimization process. In the study
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at hand z = 0 mm has been chosen. Afterwards the
shear 7 and bending stresses oy, x can be calculated with
(7) and (8) accordingly, where A is the cross-section of
the blade and W is the section modulus.

qu
- v 7
r="% ?)
My
Tox = 7 (®)

The blades employed for the experimental turbine
of the OPTIDE project are 3D printed using synthetic
resin. The pitching actuators embedded in the blades
have a diameter of 12 mm. However, the shaft connect-
ing the servomotors with the blade support structure
has a diameter of 6 mm. It is therefore expected,
that the 6 mm shaft has to be able to support the
alternating loads acting on the blades. Parallel finite-
element-analysis on the flume model performed by
Bennecke et al. 2022 [39] & 2023 [40] are in accordance
with this assumption. For this reason it has been chosen
to use the section modulus W and the area A of a circle
with a diameter Dyotor of 6 mm to calculate the stresses:

- D?
A — ™ 4mot0r (9)
W - L?notor

In such cases, where a fixed beam undergoes both
shear and bending stress, the shear stresses T are gen-
erally considerably smaller than the bending stresses
obx and can therefore be neglected. This applies when
the beam length is significantly larger than the beam
thickness [41], [42], which is the case in the present
study. Therefore, only the bending stresses o1,x will be
taken into account.

To take into account the alternating loads acting on
the blade, which periodically repeat every turbine turn,
the bending stress is calculated for each time step (1°
steps) of the last (tenth) revolution. The fatigue limit
is often illustrated with the help of the Smith diagram,
where the minimal and maximal stresses are plotted
against the mean stress, taking into account static
and dynamic fatigue as explained by Niemann et al.
2019 [41] or Wittel et al. 2015 [43]. As the minimal and
maximal stresses (the amplitude of the stress oamplitude)
are displayed against the mean stress omean, it can be
concluded that both values are equally important for
the fatigue strength. For this reason both values are
to be considered for the second objective function, the
so-called stress factor f,, of the optimization process.
fo is determined by the sum of oumplitude aNd Tmean as
stated in (13).

For the optimization f, is to be minimized in order
to raise the possible turbine lifetime and to allow
for material saving with a load adapted rotor design.
The amplitude oamplitude and the mean stress omean Of
periodical loads are calculated as stated in (11) and
(12), where oy, x max is the maximal experienced bending
stress during the last revolution of the turbine and
Obxmin the minimal stress.
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Fig. 6. Mesh of the blade domain for a NACA 0018 blade with a
chord length of 75 mm, where the mean line has been projected to
the diameter of the turbine

Ob,x,max — Ob,x,min
Oamplitude = 9 (11)

_ |Ub,x,maX| + |Ub,x,min

Omean = 9 (12)

fo= Oamplitude T Tmean (13)

ITI. PRELIMINARY RESULTS

In the following section some preliminary results of
the ongoing optimization will be presented. In order
to check that the setup of the CFD simulation, the
mesh generation and the calculation of the objective
functions works correctly during the optimization a
preparatory case has been created and established as
the reference case. The blade shape employed for this
purpose consisted of a NACA 0018 foil with a chord
length of 75 mm, whose mean line has been projected
to a circle of same diameter as the turbine (400 mm)
to create a cambered airfoil (see Fig. 6). This reference
case has been used to conduct the mesh sensitivity and
time step sensitivity studies, leading to a final time step
of 1° and a mesh with 121,000 cells. Fig. 6 shows the
final mesh around the blade domain of the projected
NACA 0018 foil.

For this geometry CFD simulations with the same
parameters presented in section II-B and a TSR = 2.25
were conducted. As mentioned before, the case was run
on 4 cores of the LEGI cluster and needed around 14
hours to simulate ten turbine revolutions. Both objec-
tive functions were calculated for the tenth revolution
and resulted in a Cp = 0.3044 and f, = 97.53 MPa. For
this case the difference of the Cp from the ninth to the
tenth revolution was calculated, showing that the value
fluctuated by less than 1%, which is the convergence
criteria chosen for the present study.

Stresses at Blade Position z=0mm
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Fig. 7. Shear and bending stresses at the end of the blade (z = 0 mm
plotted over the tenth revolution of the reference case

Additionally, the shear and bending stresses (7 and
obx) at the location z = 0 mm were plotted for
the last revolution of the turbine. The course of the
stresses over one rotation can be found in Fig. 7. It can
clearly be seen, that the shear stresses are significantly
smaller than the bending stresses, confirming that it is
reasonable to neglect the shear stress in the calculation
of our objective function.

IV. CONCLUSION

The OPTIDE project aims at studying the effect of
blade pitching on CFITs. For this purpose a three-
bladed CFIT experimental flume model with blade-
embedded pitching mechanism will be developed. In
order to fit the actuators inside each blade, it is neces-
sary to find a suitable blade shape. Therefore, a blade
shape optimization under this constraint is first con-
ducted. Aim of the optimization process is to find the
optimal operating point and a suitable blade shape that
allows to fit the actuator at the quarter-chord position,
while maximizing turbine performance (Cp) and min-
imizing the loads acting on the blades (f,). OPAL++
has been chosen as the optimization algorithm, which
sets the ten variables of the design space, defining the
TSR and the blade shape, for each individual. A Python
script generates a smooth hydrofoil shape and writes
the dictionary file needed to generate a mesh using
the blockMesh utility. Afterwards a 2D CFD simulation
is conducted for each individual using OpenFOAM.
The resulting moments and forces on the blades are
calculated by OpenFOAM and imported to the post
processing Python script, which calculates the cycle-
averaged values for Cp and f, for the objective space.
The optimizer evaluates the results and defines a new
offspring generation using cross-over and mutations
providing a set of variables for each individual on the
base of the best performing individuals from the par-
ent generation. This is repeated until the optimization
converges defining optimal blade shapes for the CFTT
forming a Pareto front.
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In the presented paper the methodology employed
for the multi-objective optimization is presented. The
first objective function is to maximize the performance,
i.e., the Cp of the turbine. The second objective function
aims to take into account the alternating loads experi-
enced periodically by the blades during one revolution
of the turbine. For this reason the stress factor based
on the function f, has been developed, which includes
both the mean value of the resulting stresses in the
blade as well as the amplitude with which the stresses
occur. With these functions a blade shape is to be
found, which not only increases the performance of the
turbine, but additionally reduces loads. This will help
reducing the fatigue strength of the turbine, leading to
a longer lifetime. Additionally a load-adapted design
will allow for material savings, providing a lightweight
and dynamic rotor.

The employed methodology is suitable for the pre-
sented application as the chosen objective functions
do not only aim to increase the turbines efficiency,
but to also decrease the experienced stress by the
turbines blades. This is a new approach, which has
not yet been found as such in literature. Additionally
to that, by choosing a genetic algorithm it is possible
to efficiently explore the design space while finding a
global optimum. However, the considered range of the
chord-based Reynolds number (Re = 24,000 to 287,500)
lies in the transition between laminar and turbulent
flow, which is difficult to reproduce in CFD with the
chosen turbulence model.

After the optimization has been run, the blade
shapes, which are eligible for the OPTIDE project, will
be identified and implemented in the fume model.
These blade shapes shall then be tested experimentally
and compared with the experimental results of the
reference case (projected NACA 0018) in order to check
whether the results of the optimization are reasonable.
Thereupon the pitching actuators will be implemented
into the blades to conduct the experimental optimiza-
tion of the pitching law, which is the main aim of the
OPTIDE project.
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