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ABSTRACT

Cross-flow tidal turbines (CFTT) are a promising technology for tidal energy exploitation. They are omni-directional, feature high area-based
power density and a simple design. However, due to their rotation around the vertical axis, the blades undergo a continuous change in their
angle of attack, leading to alternating loads, which can cause fatigue failure. For this reason, blade loads should already be taken into account
in the early design phase. This study presents a standardized and automated method for evaluating the influence of blade profile shapes on
power and load coefficients. Fully automated computational fluid dynamics simulations are coupled with an analytical mechanical model,
treating blades as a clamped beam. This allows for evaluation of the turbine’s performance (power coefficient Cp) and the structural load. A
stress coefficient C, is introduced to quantify fatigue risk by taking both amplitude and mean stress into account. The methodology is applied
to 120 randomized blade shapes with different operating points. Results indicate that a stronger blade cambering reduces Cp, while C,
remains unaffected. Nevertheless, the blade’s chord length and operating point show a weak correlation with C,. An additional detailed analy-
sis of four arbitrarily selected cases and the reference case is conducted. The findings highlight the importance of optimized blade geometries
to balance the power output and the structural lifetime of CFTTs.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0291030

. INTRODUCTION unlike with axial-flow turbines. Additionally, they are known to have a
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Tidal stream turbines have emerged as a promising technology
for renewable energy and offer a viable solution for harnessing the
hydrokinetic energy of tidal currents, as they can be positioned in the
free stream without the need for additional structures. Axial-flow tur-
bines commonly have a horizontal axis aligned with the direction of
the flow, and are therefore often referred to as horizontal-axis turbines
(HAT). In contrast, cross-flow tidal turbines (CFI'T) can operate both
in a vertical and horizontal orientation. In consequence, we refer here
to CFTT for all turbines that have their rotation axis perpendicular to
the flow direction. This feature makes them omnidirectional, as they
spin around their axis regardless of the direction of the incoming flow.
This makes them particularly suitable for harnessing the energy of
alternating tidal currents as there is no need for a yawing system,

magnitude higher area-based power density in farm installations when
compared to HAT,' which are dominating the wind energy sector
nowadays.

However, despite their advantages, CFTTs also face challenges
that limit their full potential, such as their lower single turbine effi-
ciency compared to competing HAT designs.” ~ Another key challenge
is the complex flow pattern in the rotor, which occurs due to the rota-
tion around the vertical axis perpendicular to the flow. Thereby, the
turbine blades undergo a continuous change of their angle of attack
during each rotation, leading to dynamic stall and flow separation with
severe alternating loads on blades and support structure. These loads
may result in flow-induced vibrations and dynamic stress that can
cause fatigue failure.” " Geng et al. found the blade-strut connection
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to be the most endangered structural component of vertical axis wind
turbines.'' Consequently, this component can be considered to be
most prone to fatigue failure. Kirke et al. stated that alternating radial
loads can even lead to direct failure of the turbine structure.”” These
obvious drawbacks and challenges highlight the necessity to determine
a relevant methodology to properly assess the hydrodynamic loads
experienced by CFTTs and their impact on the blade support structure
at early design stages.

Most literature on CFTTs focuses on modeling the flow around
the turbine and improving the rotor efficiency, for example, by increas-
ing the power (Cp) or the torque (Cq) coefficients, e.g., Refs. 4, 8,
12-17 to name some recent studies. The structural blade loads have
been less thoroughly analyzed. A quantification of dynamic blade loads
has been discussed in a few publications. Although these studies have
considered the forces acting on the turbine, most do not further
address or analyze the effect of these forces on the turbine
structure.””'*'*'” A few publications further analyzed load effects on
the turbine structure in weak coupled fluid-structure interaction (FSI)
studies by mapping the pressure distributions achieved with computa-
tional fluid dynamics (CFD) simulations in a finite element analysis
(FEA). This allows for a quantification of the stresses experienced by
the structure.'>”’ >’ Additionally, both Ali et al. and Gorgun used this
methodology and extended it by the application of the Goodman
fatigue theory in order to estimate the fatigue life of the turbine.””*”

When extending the literature range from CFI'Ts to fatigue in tidal
stream turbines, it is found that research is predominantly focused on
horizontal axis tidal turbines, such as those by Badshah et al” Finnegan
et al,”” de Souza Custédio Filho et al.,”® Gonabadi et al,”” and Zhang
et al.”’ Additionally, Walker and Thies™” reviewed 58 tidal stream energy
deployments, regarding their system reliability. They found that the pri-
mary cause of failure is blade fatigue, mostly due to underestimation of
the blade loading. Although the majority of the studied sites had horizon-
tal axis tidal turbines, this underlines the relevance of understanding and
assessing the loads on hydrokinetic turbines in general.

FSI techniques are often employed to calculate material stress in
the turbine rotors. Examples are Saeed et al”™® on a Francis runner,
Sick et al,’' and Andolfatto et al.*> on a Pelton turbine runner, Kumar
and Sarkar™ on a Savonious hydrokinetic turbine, Badshah et al” on
a horizontal axis tidal turbine, Lin et al,”* and Geng et al'! on a verti-
cal axis wind turbine.

An analysis of a full turbine runner with this methodology is
computationally expensive, and therefore, often only conducted at a
late stage of the design process. Several CFD and FEA simulations
need to be conducted in order to consider different load cases a turbine
may experience. For this reason, Hameed and Afaq’ predicted the
deflection and the stress acting on the blades of a vertical axis wind tur-
bine by using the Euler-Bernoulli beam theory (EBB) for uniformly
distributed loads to avoid FEA simulations. Normal force and centrifu-
gal loads acting on the blade are assessed in their study. A similar
approach is used by Alerci et al.,”® who calculated the material stress
induced at the bucket root of a Pelton turbine runner by simplifying
the geometric structure and applying the EBB theory. This analytical
approach is by far less computationally expensive than a full scale
FEA, and therefore, better suited when comparing a large number of
designs and load cases, e.g., during the early-stage design process.

Most commonly in the literature, after calculation of stress, the
prediction of the fatigue lifetime is conducted using S-N-curves, also
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known as the Wohler curves, combined with a Rainflow counting
algorithm and the Palmgren-Miner’s rule.”>””** This fatigue analysis
allows for the understanding of the fatigue life of structures experienc-
ing cyclic loads. However, the S-N-curves do not account for any static
loads, such as centrifugal loads in the runner, which can become rele-
vant when aiming for an increase in the turbine’s lifetime. In addition
to this approach, it is also possible to apply the Smith diagram, which
is derived from several S-N-curves for different loading ranges, com-
bining each of their fatigue strength values into one diagram.*’ In com-
parison to the S-N-curves, the implementation of the Smith diagram
accounts for additional static loads and can alternatively be employed
for fatigue life estimation. Therefore, it considers both the mean of the
stress values as well as the stress peak amplitude.”’

It can be summarized that only a few research studies have been
conducted on the alternating loads on CFTTs, although they may lead
to fatigue failure of the turbine runner. Furthermore, FSI studies fol-
lowed by a S-N curve assessment can be seen as the current state-of-
the-art method for fatigue life analysis. This methodology can become
computationally expensive for large structures and is, in consequence,
not very suitable for an early-stage design process. In addition, the
employment of S-N curves neglects static loads. This article presents a
CFD-based assessment of the flow, complemented by an analytical
methodology to analyze the fatigue risk from blade loads on different
CFTTs blade shapes. Hereby, a dimensionless indicator suitable for the
early design stage is introduced. Here, static and alternating loads are
condensed into a single value, similarly to the approach presented by
Jelaska et al., where the Smith diagram is used for the fatigue life esti-
mation of combined high and low cycle fatigue.”” The methodology
has been developed within a broader project, which aims at improving
the performance and reducing the stresses on CFI'Ts by implementing
active blade pitching,.

In the following study, we will present a fast and accurate method
to assess the loads on the cross-flow tidal turbine’s blade support struc-
ture by introducing dimensionless indicators to evaluate turbine power
and structural loads on the blade support. The methodology is illus-
trated through the multiphysical analysis of a CFTT equipped with a
wide range of blade shapes and different operating points. It provides a
structured approach for a cost effective, automatized and systematic
assessment of the blade shape impact on performance and lifetime in
rotating machinery using open source software and is particularly suit-
able for the early-stage design process.

Il. METHODOLOGY

The evaluation of the fluid-structure interactions and the
fatigue risk for a turbine rotor with a large number of possible
parameter sets requires automation of the tool chain in use. In
the present study, the hydrodynamic forces and moments acting
on the turbine blades are obtained from 2D numerical simula-
tions, followed by a post-processing step that evaluates the per-
formance (Cp) and assesses the fatigue risk (C,) of each case
through a simplified analytical model. Similar to a weak-coupled
FSI approach, the CFD results are used to analyze the structural
response. However, no solid solver is coupled with the simula-
tions. The complementary steps of the assessment process and
their validation are discussed subsequently. Figure 1 shows a flow
chart outlining the methodology.
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A. Turbine geometry and blade definition

The turbine geometry corresponds to a three-bladed Darrieus
rotor with a diameter and height of 400 mm. It has straight blades
which are connected with the upper and lower shaft through alumi-
num struts at the upper and lower ends of the blades (Fig. 2). The
mechanically relevant connection between struts and blades is given
by a stainless steel rod (diameter of 12 mm) embedded in 3D printed
polymer blades. This rod connects to the metallic inner structure of
the struts, which is covered with 3D printed shells. The materials of
the different components are labeled in Fig. 2 (left), and their proper-
ties are listed in Table I.

The effect of different blade shapes on the power and the loadings
on the turbine will be tested. For this reason, a broad range of blade
shapes will be created automatically and randomly. A pseudo-
randomized Sobol distribution for the generation of the blade parame-
ters has been employed to cover the entire design space.’® Each blade
shape is defined by ten parameters, or points respectively, as shown in
Fig. 3 with red stars and blue dots. Two points (red stars) are fixed in
their quarter chord position and lead to a predefined thickness of
13 mm, given by the rod positioned inside the blade. The chordwise
position of eight points (shown as blue dots) is fixed, but set as a rela-
tive function of the chord length. Variables YO-Y7 define the camber
line, and T1-T6 provide the desired profile thickness at this location.
The choice of ten node points represents a trade-off between the geo-
metric flexibility and the number of parameters. Iterative testing
showed that fewer points would lead to unrealistic blade shapes, while
more points would increase the design space excessively without pro-
viding additional geometric diversity. The blade has a blunt trailing
edge. It is imposed by the intended manufacturing process for the

methodology.
Blade stresses (Cg)

FIG. 2. Left: Flume model of the CFTT
analyzed in the present study. The turbine
is mounted with an upper and lower shaft,
whereby the latter is not shown in the fig-
ure. The model is equipped with covers
on the blade-support-junctions (detail top).
The junction without cover is shown in the
3D CAD render (detail below). Right: Top
view of a CFTT with forces and velocity tri-
angle at one blade for an arbitrary rotor
angle. The origin of the global coordinate
system is positioned at the turbine center,
while the local coordinate system of the
blade is positioned at the quarter chord
position in the x-direction and on the cam-
ber line in the y-direction and rotates with
the blade around the turbine center.

blades using a 3D printed core, which will be wrapped with a carbon
fiber sheet with a thickness of 0.23 mm. For this reason, the trailing
edge shape consists of two points with a fixed distance of 0.46 mm in
the y-direction between them. Therefore, a single parameter defines
the leading edge.

Besides the blade shape and its chord length, the operating point
of a turbine has great influence on the power and the structural loads
on the turbine. The operating point of hydrokinetic turbines is usually
defined by the tip speed ratio (TSR), which describes the ratio between
the tangential velocity of the turbine blade tips (at maximum radius),
given by the angular velocity w7 multiplied by the turbine radius R,
and the velocity of the incoming flow V.,

TABLE I. Material specifications of the turbine components.**

Stainless steel 1.3401 (AISI 304)*

Phys. Fluids 37, 117111 (2025); doi: 10.1063/5.0291030
© Author(s) 2025

Young’s modulus E 193-200 GPa
Yield strength R, 215MPa
Ultimate tensile strength R, 505 MPa
Aluminum Al6061 T6"
Young’s modulus E 68.9 GPa
Yield strength R, 276 MPa
Ultimate tensile strength R, 310 MPa
Clear Resin V4.1 (post-cured)””
Young’s modulus E 2.4GPa
Ultimate tensile strength R, 53 MPa
Flexural strength a 103 MPa
37, 117111-3
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Chord length variable (c)

FIG. 3. Definition of the node points that determine the hydrofoil shape. Points
marked with red stars are fixed, whereas blue circles are free parameters for indi-
vidualized blade shapes. The coordinate system represents the local coordinate
system of the blade as defined in Fig. 2, located at the quarter chord position in the
x-direction and on the camber line in the y-direction. (Adapted from Ruiz-Hussmann
et al, Int. Mar. Energy J. 8, 47-55, 2025." Copyright 2025 Author(s), licensed
under a Creative Commons Attribution (CC BY) license.

wT~R

TSR = (1)

oo

In consequence, the TSR is the tenth parameter of the study, the
other nine given by the chord length and the blade points.

To ensure that the blade shape, its chord length, as well as the
TSR remain in a suitable range for the application on a CFTT, con-
straints are set to all design variables before generating the Sobol distri-
bution of the design parameter. The imposed minimal and maximal
values for each design parameter are listed in Table II. For the TSR, a
range between 1.5 and 3.0 has been defined, and for the chord ¢, a min-
imal length of 60 mm and a maximal length of 90 mm is allowed. This
is in accordance with the findings from Ref. 48, which investigated the
relation between turbine solidity (¢ = n - ¢/R) and TSR. Here, the best
performing turbine featured a TSR of 1.82 and a solidity that corre-
sponds to a chord length of 75mm in our turbine. Therefore, the
chord length and TSR limits (¢ from 60 to 90 mm, TSR from 1.5 to
3.0) were chosen around these values. Additionally, limits and con-
straints on the eight variable blade shape points are established to allow
only for straight or downwards cambered blades, and a slimming
toward the trailing edge was enforced. This ensures a reasonable blade
designs for the presented study. The following five design constraints
have been imposed:

¢ T2-07-T3<0
*Y0-Y2<0
*Y2-Y3<0

TABLE II. Minimal and maximal values of the ten imposed design parameters.

ARTICLE pubs.aip.org/aip/pof

*Y7-Y6>0
*Y6-T6—-Y7<0

In order to provide a more intuitive presentation of the design
space of ten parameters, three variables have been derived from the
resulting blade shapes. They allow for a more accessible description of
the generated profiles:

1. the mean thickness of the blade,

2. the maximal camber, given by the maximal distance between the
chord line and the camber line, and finally

3. the tortuosity. It describes the ratio of the length of the camber
line I to the chord length ¢ (tortuosity = I/c). Typically used to
describe the path in porous media, tortuosity in this context
defines the deviation of the camber line from a straight line. A
tortuosity equal to one describes a symmetrical foil, while higher
values indicate twisted or wavy camber lines.

Table TII lists the ranges of the three derived variables that
describe the profile shape and size in a more convenient manner than
the parameters from the design space.

In addition to the automatically generated shapes, a reference
case has been introduced: a NACA0018 foil with a chord length of
72.44 mm, whose mean line was projected to the circumference of the
turbine. This results in a cambered foil, as presented by Maitre et al."’
A TSR of 1.9 was chosen. It had been found from detailed investiga-
tions of the characteristic curve of the reference case that it represents
the best operating point for the chosen conditions.

B. Numerical methods

After generating the parameter sets in a broad range of profile
shapes, sizes, and operating points, parallelized 2D numerical simula-
tions are employed to evaluate each parameter set. Hydrodynamic
forces and moments acting on the turbine rotor are calculated. This
allows for a detailed analysis of the performance of each design, com-
plemented with an assessment of the hydraulic loads. The numerical
tool chain comprises three main parts:

1. the spatial discretization (automated meshing),
2. the actual CFD simulations (data generation) and
3. post processing (evaluation).

In the present work, the open-source OpenFOAM toolkit (ver-
sion 2212 from the ESI fork) is employed, and all simulations were
performed at the HPC facility of the Laboratoire des Ecoulements
Géophysiques et Industriels (LEGI) in Grenoble, France. The main

Variable Minimal value Maximal value Ea - ) ] )
characteristics and settings of the numerical simulations are sum-

Tip speed ratio 1.5 3.0 marized in Table IV and further explained in the following

Chord length 60 mm 90 mm sections.

YO0 —10.0 mm 0.0 mm

Y2 —10.0 mm 0.0 mm TABLE Ill. Minimal and maximal values of the variables derived from the different

Y3 ~10.0 mm 0.0 mm shapes generated.

Yo —10.0mm 0.0mm Variable Minimal value Maximal value

Y7 —10.0 mm 0.0 mm

T1 2.0 mm 5.2 mm Mean thickness 7.7 mm 9.9 mm

T2 2.0 mm 5.2 mm Maximal camber 1.12mm 10.59 mm

T6 2.0 mm 6.5 mm Tortuosity 1.00 1.07

Phys. Fluids 37, 117111 (2025); doi: 10.1063/5.0291030 37, 117114
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TABLE IV. Main characteristics of the numerical setup.

Parameter Specification

Type 2D URANS, single phase, incompressible
Turbulence model k — w SST

Fluid Water (p =998.2 kg/m3, v=10"°m?%s)
Mesh size 121000 cells

Time step Equivalent to 1° rotor revolution

Calculation time Approx. 70 CPUh on 4 cores

1. Automated mesh generation

A third order B-spline’” based on the ten node points is used to
generate a smooth hydrofoil shape, providing a list of 2000 points for
shape definition. The blockMesh utility from OpenFOAM has been cho-
sen for the mesh generation because it serves perfectly for an automated
but fully controlled meshing process. This allows the creation of a high-
quality two-dimensional multi-blocks structured mesh and makes the
mesh settings comparable in between very different shapes.

With the aim of achieving the exact same mesh structure for all
cases, the mesh has been divided into several domains, which are later
joined to a final mesh. Figure 4 (top) shows the sub-domains
highlighted by different colors. The blue sub-domains are kept exactly
the same for all cases, while the green part is meshed individually. The
full computational domain and block structure can be seen at the top
of the illustration. The bottom of Fig. 4 shows the mesh of the rotor
region and gives a closer view of the leading and trailing edges of a
blade. The presented mesh corresponds to the reference case.

The mesh defining the blade shape is constructed on the base of an
individual blockMesh dictionary file for each case, containing the 2000
blade points from the B-Spline interpolation. All sections are merged
after meshing the blade sub-domain. To ensure a fully resolved bound-
ary layer at the blade, it has been taken care to satisfy the y* ~ 1 condi-
tion formulated by Maitre et al. for the use of the k-w-SST (Shear
Stress Transport) turbulence model.*” Each mesh is validated by the
OpenFOAM function checkMesh prior to the simulations. Table V lists
the allowed values of the main mesh quality metrics. This verifies the
necessary quality and ensures that the automatically generated meshes
conform to best practices.

2. Data generation—numerical simulations

After the mesh has been successfully generated and checked, the
2D CFD simulation is performed. The pimpleFoam solver and
Menter’s k — &>— SST (Shear Stress Transport) turbulence model™ are
employed to solve the incompressible Unsteady Reynolds-averaged
Navier-Stokes (URANS) equations. The governing equations are
shown in Appendix A. This turbulence model is known to precisely
predict near-wall flows, while ensuring numerical stability and keeping
computational costs low. It is widely used in numerical CFIT
Studies'/l,l(),l‘3,1‘),22,/1‘),5275'1

It should be noted that the applied 2D simulations cannot capture
three-dimensional effects such as tip vortices and spanwise flow. In
addition, URANS simulations provide a phase-averaged representation
of dynamic stall. Therefore, highly transient flow phenomena can only
partly be resolved with this approach. Nevertheless, 2D URANS has

ARTICLE pubs.aip.org/aip/pof

15D 30D
10D

—> 30D

S0

FIG. 4. Computational domain and mesh. Top: Domain and block structure of the mesh.
The blue blocks remain constant for each individual, the green blocks represent the indi-
vidually generated meshes. Note that the image is not to scale. Bottom: Exemplary
mesh of the reference case (projected NACA0018 blade with ¢ = 72.44 mm) around
the rotor region with a close view at the leading and trailing edges.

been widely employed for CFTT studies, as it reproduces force trends
with reduced computational costs compared to 3D simulations. This
makes the applied method sufficiently accurate and cost-efficient for
the relative comparison of blade shapes at the early design stage, which
is the main objective of this study.

At the inlet, the velocity was set to V., = 0.8 m/s for all simula-
tions, and the turbulence intensity was set to 15% (k=0.024 m?/s%).
However, it dissipates to 0.27% at 1D in front of the turbine (x = —1D,
k=7 x 10"°m?*/s*). Both the inlet velocity and the turbulence in the
vicinity of the turbine are comparable to those of the laboratory flume
in which the future turbine model will be tested. The outlet pressure
was set to 0 Pa. The side walls were set as symmetry boundaries (slip
condition), and all blades were set as solid walls with no-slip. The
properties of the fluid are listed in Table IV, which in the present case
corresponds to water.

To handle the rotation of the turbine, a so-called “arbitrary mesh
interface” (AMI) is employed between the interfaces of the different
parts of the mesh. This allows the mapping of the flow quantities from
one mesh sub-domain onto the adjacent domain. In the present case,
the dark blue inner circle and the light blue outer domain (see Fig. 4)
are stationary, while the rotation is applied to the annulus and the
blade sub-domains. For the rotating motion, the corresponding angu-
lar velocity oy to the desired TSR is applied to these domains.

TABLE V. Threshold values for the main mesh quality metrics.

Metric Criterion (accepted)
Non-orthogonality <80°
Skewness <4
Aspect ratio <1000

Phys. Fluids 37, 117111 (2025); doi: 10.1063/5.0291030
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The chord-based Reynolds number covers a wide range from
Re = 24000 to 287 500, due to the different chord lengths (60-90 mm)
and TSR (1.5-3.0), as well as the alternating relative speed W=V,
+ 1R (retrieved from velocity triangles). Even though the Reynolds
numbers indicate a transitional flow, it has been chosen to model the
flow using the k — & — SST turbulence model, due to its numerical
stability and low computational costs.

With the aim to save computational time and considering the
similarity of all cases, all simulations are initialized by mapping the
flow field from the reference simulation as an initial condition, which
has been run for 40 consecutive revolutions to ensure its full conver-
gence. Tests with a few cases showed a faster convergence and a reduc-
tion in calculation time by roughly 20%.

For each case, ten turbine revolutions were simulated with a time
step equivalent to 1° rotor revolution. Simulations have been carried
out in parallel on four cores. A speed-up study showed that four cores
offered the best trade-off between computational efficiency and
resource allocation, allowing the execution of 32 different cases simul-
taneously on the available cluster nodes. The computational time
depends on the settings (blade shape and TSR) of each individual.
However, the reference case required roughly 14 h, corresponding to
56 central processing unit (CPU) hours to calculate ten turbine
revolutions.

C. Evaluation methods

The hydrodynamic forces acting on the blades of a CFTT alter-
nate continuously due to the variation of the angle of attack through-
out each revolution. These forces are split up into a tangential
component (F;), responsible for generating torque, and a normal com-
ponent (F,), which induces structural loads.”” The assessment and
comparison of different turbine blade designs will be based on these

force components, analyzed on the basis of two criteria:

e the performance of the turbine based on F; by using the power
coefficient Cp

e the fatigue failure risk resulting from F, determined by the stresses,
which were condensed into a single dimensionless coefficient C,

All CFD simulation results were processed employing the
FluidFoam package™® in Python.

1. Performance prediction

As aforementioned, the performance assessment is based on the
dimensionless power coefficient Cp, which allows for the comparison
of different turbine rotor sizes and designs. Equation (2) shows its defi-
nition, where Q is the turbine torque, wr the angular velocity, p the
water density, A is the projected cross section of the runner, and V,
the undisturbed inflow velocity:

7Pmech7 Q- wr

Cp = = .
P Py 05-p-A-V3

2

2. Blade loading

The 2D CFD simulations provide the chord-wise pressure distri-
bution for each time step. To assess the stresses in the structure, a 3D
mechanical model is necessary. With the aim of providing a simple
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analytical model with reduced complexity, the blades have been mod-
eled as a beam structure clamped on both ends. The pressure loads
and the viscous shear forces lead to the normal force F, on the blade.
In our model, this normal force is extruded over the span of the blade
(in z-direction) and is therefore accounted for by an evenly distributed
line load g, that acts over the entire length of the blade. It is assumed
that the flow behaves uniformly along the water column (z-axis). This
assumption is necessary because the conducted 2D CFD simulations
will not provide the real non-uniform spanwise pressure distributions.

The tangential force F; is not accounted for in the fatigue risk
assessment, as it is considered to be less critical for the structural health
but driving the turbine. Following these assumptions and simplifica-
tions, the EBB theory for uniformly distributed single-axis loads can be
applied.

The forces and moments acting on both clamped ends, the sup-
ports A and B, are calculated following the method proposed by
Luévanos Rojas and Montoya Ramirez’’ using the Euler-Bernoulli
beam theory with Eqs. (3) and (4), where L is the blade length, equal to
400 mm in this study. The governing equations and boundary condi-
tions used are provided in Appendix B.

q-L
Fapy = 7 (3)
q-L?
Mpg = . 4
AB P (4)

The internal shear forces Fy in the y-direction and bending
moments My, around the x-axis will lead to shear T and bending oy,
stresses. They are determined following Egs. (5) and (6), with z being
the location of the blade, where the force and moment shall be

calculated:
L
Fq:q'(i—z>7 (5)

2
Mb:ﬂ-(L-z—zz—%) (6)

The peak magnitudes of both, Fy and My, are highest at the
clamped ends of the blade (z = 0 mm and z = 400 mm), which corre-
sponds to the location of the blade-strut connection on the turbine.
With respect to the uniform pressure distribution and rotor symmetry,
only one point (z =0mm) will be assessed. Shear T and bending
stresses o, are calculated with Egs. (7) and (8) respectively, where S is
the cross section of the blade, and Z is the section modulus:

Fq
=43 7
r=-, )

M,
ab:7". ®)

Given the structural design of the turbine prototype, a combina-
tion of 3D printed polymer parts and shells together with an alumi-
num skeleton, it is reasonable to focus on the metallic structure. In this
case, a 12mm stainless steel rod builds the connection between the
blades and the struts, which has to withstand and transfer the loads
from the blades to the support. This point can be considered to be the
most critical. Weak coupled fluid-structure interaction simulations,
employing CFD (OpenFOAM) and FEA (Ansys Mechanical) on the
flume model support this consideration.”"”* Therefore, both the cross
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section S and the section modulus Z of the blade are calculated in
relation to the rod, the material properties of which can be found in
Table 1. Thus, the occurring stresses are accordingly evaluated at the
blade-strut junction, located at the tips of the blades (z = 0 mm and
z = 400 mm).

The beam undergoes both shear and bending stresses. As the
beam length is significantly larger than the beam thickness, the shear
stresses T are generally considerably smaller than the bending stresses
0. In consequence 7 has been neglected for further assessment follow-
ing the recommendations from Refs. 59 and 60.

The dynamically alternating loads repeat periodically for each
turbine revolution. Therefore, the bending stress is calculated for each
time step of the last revolution, resulting in 360 calculation points. The
fatigue limit can be assessed with the use of the Smith diagram, which
accounts for static and dynamic effects in the fatigue risk
assessment.’”””°" Following this method, the magnitude of stress
peaks (max |Gumpliude|) are plotted against mean stress (|Gmean|) as
both dynamic and static loads are important for the fatigue strength of
a structure. In this study, a combined stress value combined is defined,
which is based on the aforementioned method. The definition is given
in Eq. (9):

Ocombined = Oamplitude + Omean- 9)

The peaks Gampliude and the mean oyen stresses of the periodical
loads are calculated as stated in Egs. (10) and (11), where o, ma is the
maximal experienced bending stress during the last revolution of the
turbine and g}, min the minimal stress:

Ob,max — Ob,min
2 ?
Crmean = Ob,max 1 Ob,min ) (11)

2
The combined stress Gcombined 1S €xpressed as a dimensionless
coefficient by division of Gcombined by the dynamic pressure po, from
the flow velocity at the inlet V., as shown in Eq. (12). The resulting
stress coefficient C, provides a single dimensionless parameter for the
assessment of the relative fatigue risk compared to other profiles and
operation points. Therefore, C; is a relative indicator suitable for early
design stage assessments, and it does not replace a full fatigue-life anal-
ysis based on S-N curves. It is a simplified metric that does not for
account additional loads, such as torsional and shear stresses on the
blade, or forces acting on the turbine structure. Nevertheless, a higher
value of C, would, for a given material, correlate with a lower number
of cycles to failure.

Oamplitude = ( 10)

C, = 0 combined _ O amplitude + O_zmean ' (1 2)
Poo 0.5-p-VZ

It is obvious that C, should be minimal in order to raise the pos-
sible turbine lifetime and to allow for material saving with a load
adapted rotor design. To conclude, two parameters are evaluated in
order to assess the suitability of a given parameter set (blade profile
and TSR) for a high performing rotor design along with good machin-
ery lifetime: Cp, which should be as high as possible as it stands for the
turbine performance and C,, which is a measure for the fatigue failure
risk and thus should be as low as possible. These two dimensionless
indicators make it possible to evaluate a large number of parameter
sets in a fast, automatized and reliable manner, resulting in several
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optimal cases, of which the user has to decide on the best trade-off for
the application.

Ill. VERIFICATION AND VALIDATION
A. Mesh and time sensitivity analysis

A grid sensitivity study was carried out on the reference configu-
ration (cambered NACAO0018, ¢ = 72.44mm at TSR=2.25). The
study was divided into two parts. This allows for an independent
assessment of the sensitivity of the results to the mesh resolution of:
(1) the blade disks (in green in Fig. 4) and (2) of the remaining compu-
tational domain (in blue in Fig. 4). The converged mesh contains
121 000 cells, with 219 cells around each blade. Further details are
provided in Appendix C.

A time step sensitivity study has also been conducted. For this
purpose, the reference configuration was simulated using six different
time steps corresponding to the variation of the turbine’s azimuth
angle of 8°, 4°, 2°, 1°, 0.5°, and 0.25°. This was conducted for two dif-
ferent operating points: a TSR of 2.25 and 1.5, the latter being the most
challenging TSR that might be faced in the present study due to blade
stall occurrence. Following this study, a time step corresponding to the
variation of the turbine’s azimuth angle of 1° has been chosen, as it
results in the best trade-off between the accuracy, having a percentage
deviation lower than 1% for a TSR of 2.25, and the computational
time, which is much lower than for smaller time steps. See Appendix
D for further details.

B. Validation

The employed mesh and the numerical setup previously pre-
sented will be validated by numerically recreating the experiments con-
ducted by Clary et al,”” who conducted measurements of a straight-
bladed Darrieus turbine in a water tunnel. The turbine employed in
their study is made of three blades and has a diameter of 175 mm. The
blades consist of a NACA0018 foil with a chord length of 32 mm,
whose mean line was fit to the turbine circumference to create a cam-
bered blade, similar to the blade shape of the reference case in the pre-
sent study. The 2D geometry of our turbine (D=400mm)
corresponds to a scaled version of the turbine from Clary et al.
(D=175mm).

The mesh described in Sec. II B 1 was generated in a parameter-
ized way, allowing for a quick adaptation to the size and blade shape of
the turbine studied by Clary et al,, ensuring the exact geometry of the
turbine and therefore the validity of the mesh. The domain was kept as
described in Sec. IIB 1 (see Fig. 4) and only the blade geometry and
the dimensions of the turbine were adjusted, leading to a mesh with
about 121 000 cells.

The exact same numerical set-up described in Sec. I B 2 has been
used. URANS computations are performed, and the k — o — SST tur-
bulence model is employed. Each simulation was conducted for ten
turbine revolutions with a time step corresponding to 1° variation of
the azimuth angle. The only modifications made to the set-up were
case related changes. Here, the inlet velocity has been set to
Vs =2.3m/s, corresponding to the experiments from the validation
case.”” Also the turbulence intensity was set to 5.5% (k =0.024 m?%/s%)
and the turbulence specific dissipation rate @ to 9 1/s. All other
boundary conditions were kept equal to the ones in Sec. II B 2. The
chord-based Reynolds number ranges from Re =37 000 to 294 000
for the experimental data and the numerical validation, being in a
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comparable range to the numerical setup described in Sec. I1B2
(Re=24000-287500).

Figure 5 shows the characteristic curve obtained from the CFD
simulations (shown in black with circle markers), as well as the experi-
mental results by Clary et al.”” (shown in blue with square markers). It
can be seen that the Cp value of the numerical simulations is over-
predicted for all studied TSR except the ones lower than 1.25. This
trend is consistent with similar results found in the literature, such as
the ones presented by Maitre et al,”’ Li et al.®® or Gosselin et al.® For
TSR values lower than 1.5, the turbine is highly affected by primary
effects where the blades experience stall. This phenomenon is known
for not being correctly predicted by URANS simulations. For this rea-
son, in the present study, it has been chosen to restrict the operating
points between TSR of 1.5 and 3.0, to avoid the deep stall regime. For
TSR values above 2.25, the numerical Cp value has a linear offset from
the experimental value. This offset is caused by secondary effects, such
as tip vortices and blade/arm junction losses, which are not modeled in
the 2D simulations."”** " In the observed region between TSR =1.5
and 3.0 an absolute difference between the experimental and 2D
numerical results of 0.1 in the Cp is found, which corresponds to a rel-
ative difference of 56.9%. This is a known effect, found, for example,
by Maitre et al, where the experiments featured a Cp =0.34 and the
2D CFD a Cp=0.58."" In addition to this difference, it can be seen
that the optimal TSR is well reproduced with the simulation, as both
curves find their peaks at about TSR = 1.75. This accurate representa-
tion of the curve trend and the peak position are of great relevance in
the context of the present work. In consequence, the simulation setup
can be considered to be adequate for the qualitative comparison of the
performance (Cp) of multiple blade shapes as it is intended in the
study at hand.

IV. RESULTS AND DISCUSSION
A. Distribution of the blade shapes

In total, 120 hydrofoil shapes have been generated and assessed,
each of these with a set of different operating points, chord lengths and

Primary effects Transition Secondary effects
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FIG. 5. Power coefficient Cp as a function of the TSR. Comparison between
the experimental results from Clary et al.”* and the numerical simulations (URANS,
k — @ — SST turbulence model). A 4th-degree polynomial trend line has been
used to connect the data points for clarity.
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shapes. The differences in the latter, can best be illustrated through the
broad range of blade mean thickness and their maximal camber. The
distribution of the different blade shapes can be seen in Fig. 6, where
the color of the points describes the assigned TSR and the size of the
points the maximal camber of the shape. Four profile shapes have
been arbitrary selected in addition to the reference for a spot analysis
to examine their performance in detail. The parameter of the selected
cases are listed in Table V1.

Figure 7 shows the distribution of the different variables to visual-
ize the effectiveness of the pseudo-randomized Sobol initialization. It
can be seen that the design space of the TSR as well as the chord length
are almost equally covered. However, the distribution of mean thick-
ness, maximal camber as well as tortuosity show a non-uniform distri-
bution. This is due to the parameter constraints. The maximal
thickness is imposed at the quarter chord location with 13 mm and the
blade is forced to get thinner at the leading and trailing edges. Also,
only cambering the blade in the downwards direction with a maximal
y-location of the points is imposed. The same applies for the tortuosity,
where a high tortuosity describes blades with a very snake-like bending
along the camber line, which is very difficult to generate due to the
given constraints and also not considered to be meaningful by the
authors.

The different hydrofoil shapes have been evaluated following the
methods presented in Sec. I C and the results are shown in Fig. 8,
which shows a scatterplot of the power coefficient Cp on the x-axis
and the stress coefficient C, on the y-axis. It can be seen that the
utmost of the cases range from Cp = —0.5 to Cp = 0.36 and C,
=0.26 - 10° to C, = 0.8 - 10°, with some outliers showing even lower
Cp and higher C, values. Cases with a negative power coefficient are
generally uninteresting, as they do not generate power, and therefore,
no longer represent a turbine. For this reason only cases with a positive
Cp value have been included as possible spot analysis candidates.

In general, no clear trend between the power and the stress coeffi-
cient can be found in Fig. 8. However, the highlighted cases A, B and
the reference case can be considered as the most favorable cases, as
they deliver a high Cp with low C,. For these cases a tendency can be
seen in the zoomed in section on the right of the plot, where an
increase in the power coefficient is accompanied by a higher stress
coefficient. However there are also few cases that have both a very high
C, paired with a low Cp. These cases feature an undesired design and
reflect the importance of a meaningful blade shape.

Figure 9 presents a parallel coordinate plot that visualizes the rela-
tion between the design parameters of each blade shape and their cor-
responding evaluation result. The wide spread of lines across each axis
reflects the broad spectrum of tested hydrofoil shapes, giving insight
into the design space covered in the present study. The five selected
cases have been highlighted with different colors and line styles to bet-
ter track their values. It can be seen that the cases C and D have high
chord lengths and lower tip speed ratios, which seems to lead to a
lower Cp and higher C,. It has to be noted that the lower Cp could be
caused by the fact that a lower TSR usually results in higher angles of
attack on the blade, leading to flow separation (stall) and therefore a
decreased power output. At the same time the higher chord lengths
lead to increased hydrodynamic forces, which may therefore cause the
higher C, values.

In order to further analyze the correlation between the different
design variables and the results, the variables have been displayed in
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FIG. 6. Distribution of the 120 assessed blade shapes and arbitrarily picked four design cases for further spot analysis.
TABLE VI. Values of the design space variables of the five picked cases. scatter plots against Cp in Fig. 10 and C, in Fig. 11. In addition, the
Pearson correlation value has been calculated and is displayed in a
Variable Ref case Case A CaseB CaseC CaseD tablein the bottom right of the figures.
When looking into the correlation between the variables and the
Tip speed ratio (-) 1.9 1.9 24 1.6 1.7 power coefficient it can be noted that a strong negative correlation
Chord length (mm) 724 66.6 69.1 86.9 89.2 below —0.6 exists between Cp and the maximal camber as well as the
Mean thickness 9.3 9.0 9.4 8.7 8.9 tortuosity. For these two parameters, an additional regression line has
(mm) been added to the plot. Both variables describe a similar characteristic
Maximal 3.5 2.9 55 8.1 3.9 of the blade shapes, namely their bending. Their negative correlation
camber (mm) values indicate an inverse relation, meaning that a low value for the
Tortuosity (-) 1.01 1.01 1.02 1.03 1.01 maximal camber and the tortuosity leads to higher power coefficients.
This implies that a blade design with a small camber performs better,
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FIG. 7. Violin plot showing the distribution of chord length, mean thickness, maximum camber, tortuosity, and TSR for the 120 automatically generated cases analyzed in the
present study.
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FIG. 8. Result of the evaluation of the different blade shapes with respect to the stress coefficient C, and the power coefficient Cp.

which underlines classical blade design practices. At the same time, the
cambering of the blade does not appear to influence the stress coeffi-
cient C,, as no correlation can be observed in the set of considered
cases shown in Fig. 11. This effect could be an advantage for morphing
blades. However, existing studies do not provide a clear picture in this
regard. While Hoerner et al. found a reduction of loads for chordwise
flexible blades, Liu et al reached the opposite conclusion.”*
Therefore, further studies are necessary on this topic.

The spot analysis of the selected cases in Fig. 9 suggests a correla-
tion between the chord length and the TSR with the power coefficient.
This combined effect of ¢ and TSR on the turbine performance has
been described in the literature, such as Shiono et al** It has been
found that larger chord lengths increase torque, but also shift the opti-
mal operating point toward lower TSR. Consequently, the stall effects

90.0 1

are more pronounced, reducing the turbine power. However, this effect
can not be confirmed by the presented dataset, as the single value cor-
relations can not account for the coupled effect of multiple parameters
on an objective. Therefore, no measurable correlation can be found
between ¢, TSR, and Cp. Nevertheless, when looking into the correla-
tion of these variables with the stress coefficient, a quite weak but mea-
surable correlation above 0.3 between C, and the chord length and the
TSR can be found. In this case, larger chord lengths and TSR lead to
increased stress on the blades. This confirms the knowledge from the
literature that larger blade shapes increase the hydrodynamic loads on
the blades due to higher blade-to-blade interaction.

It would be useful to increase the sample size of the data set in
order to further investigate these expected correlations with a better cov-
erage of the entire design space and higher statistical significance. This
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FIG. 9. Parallel coordinate plot showing the characteristic variables of each blade and the result for the stress coefficient C, and the power coefficient Cp.
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correlations.

would enable other statistical methods to be applied in order to study
the interdependent effects of the variables, thereby helping to confirm
known effects from the literature, as well as revealing unknown correla-
tions. However, the data set does not show a quantifiable effect on C,
by the bending of the blade or the maximal camber and the tortuosity.

B. Random sample check

From the illustrations of the selected blade shapes in Fig. 6, it can
be seen that most of the shapes have a classical cambered blade shape,
while case D is similar to the auto-morphed blade shape obtained by
an oscillating flexible blade such as presented by Liu et al.”” Case A
and the reference case have a lower cambering and a similar operating
point, while featuring the highest power coefficient of the selected
cases. It is hypothesized that their current operating point is close to
the optimal TSR for the presented condition, leading to such a high
power output. In comparison, case C features a stronger bending com-
pared to the other cases, which is reflected in the high values for the
tortuosity and maximal camber. This case also features a high value for
C,, underlining the correlation shown in Fig. 11. However, this high
C, might also be given by the large chord length that causes higher
hydrodynamic loads. To further understand the effects of each case on
the turbine loadings and power, their instantaneous force coefficients
and flow fields are shown in Figs. 12 and 13.

Figure 12 presents the instantaneous tangential and normal force
coefficients C; and C, as a function of the azimuth angle for the last
simulated revolution of the selected cases. The force coefficients have
been normalized by dividing the respective force on one blade by a

reference force Fyq,. The latter has been calculated using the turbine’s
projected cross section area A and the inflow velocity V., as stated in
Egs. (13) and (14). The tangential force coefficient is an indicator for
the energy extraction, while the normal force coefficient gives insight
into the structural loads on the blade.

o B F,
==, (13)
Fiow 05-p-A-V2
F, F,
Co=—"—= (14)

Fiow 05-p-A-V2'

In addition to the force coefficients, the vorticity fields of the five
cases have been displayed for three selected azimuth angles
(0 = 100°,170°,240°) in Fig. 13. These angles have also been marked
with a vertical dashed line in Fig. 12. In Fig. 13, water flows from left to
right.

The analysis of the curves of C, in the left plot in Fig. 12 shows
that cases A, B, and the reference case have a similar curve trend.
These three cases have their maximal amplitudes at an azimuth angle
0 of about 100°, which is then followed by a drop at 0 = 170° and a
second lower maxima around = 200°. High tangential forces indi-
cate that the blade generates a high driving torque on the turbine shaft.
This is the case between the azimuth angles of 0 = 40° and 0 = 160°.
A similar C; curve trend is found in the literature for Darrieus turbines
spinning at their optimal operating point, such as shown by Sansone
et al.*® and Alqurashi and Mohamed.”’

The main difference between the three cases is that C; for case B
is overall lower than for case A and the reference. This is also reflected
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FIG. 11. Matrix of scatter plots showing the distribution of the variables with the stress coefficient C,. The Pearson correlation coefficients for each plot is added in the bottom
right table.

by the average Cp of the cases. The lower C; value for case B could be
caused by the cambering of the blade. Out of these three cases, case B
features a high camber, which causes negative angles of attack, and
thus, reduces torque. This also explains the correlation between the
blade camber and the power coefficient shown in Fig. 10. Another dif-
ference between the cases is that after passing an azimuth angle of
240°, the curve of case A features fluctuations, while the curves of case
B and the reference case remain rather smooth. This might indicate
that for case A, the critical angle of attack is exceeded at 0 = 140°,
causing the blade to stall. When looking at the vorticity fields in

Fig. 13, it can be seen that at 0 = 240° the flow on blade one is very
similar for cases A, B, and the reference. However, for 0 = 170° it can
be seen that blade 3 of case A (positioned at § = 290°) has shed vorti-
ces. This confirms the observation that for case A blade stalls between
0 = 240° and 0 = 300°, showing that this blade geometry is more sen-
sitive to stall than case B and the reference case.

For cases C and D the curve trend is different from that for the
other cases. Their force amplitude is already reached at about 0 = 80°,
followed by a sharp force drop with its minimum at 0 = 100°. Several
smaller force peaks follow until about 6 = 240° when the curve

---- B
........ C
- e D
Ref. case

---- D
- — Ref. case

Tangential force coefficient C, [-]
Normal force coefficient C, [-]

120 160 200 240 280 320 360
Azimuth angle 6 [°]

120 160 200 240 280 320 360 0 40 80

Azimuth angle 6 [°]

80

FIG. 12. Instantaneous tangential and normal force coefficients C; and C, for one blade of the selected cases during the tenth simulated revolution. The reference force has
been calculated with the turbine cross section.
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TABLE VII. Amplitude and mean bending stress value for the tenth turbine revolution
of selected cases.

Case Oamplitude (MPa) O mean (Mpa) Cs (')
A 8.85 1.34 0.32
B 9.9 —1.29 0.27
C 10.97 2.37 0.42
D 10.48 6.87 0.54
Ref. case 8.96 2.42 0.36

stabilizes. This curve trend typically indicates blade stall: flow detaches
massively from the blade causing this sudden drop of the tangential
force. In Fig. 13 it can clearly be seen that the flow detaches at
0 =100° on the suction side of the leading edge of blade one. At
0 = 170° a large vortex structure is shed from the trailing edge show-
ing the blade stall. These characteristics are only found for cases C and
D. Both cases feature high chord lengths but in particular, low TSR
which is known from velocity triangles to cause the blade to pass the
stall angle and cause the flow detachment.

To summarize the vorticity fields, cases A, B, and the reference
case show a smoother course when compared to cases C and D. In
these latter cases, stalling occurs at about ¢ = 100°. A significant vor-
tex is built up on the suction side of the blade. However, case A still
features a small vortex shedding between 0 = 240° and 0 = 300°.
This is also reflected in the curve trend of C,.

Looking at the normal force coefficient curves, all five cases show
a similar trend. The curves find their minimum C,, at about 6§ = 100°,
which is approximately the azimuth angle leading to the maximum
angle of attack of the blade. This causes an important negative normal
force on the blade (directed inwards), which would cause a high bend-
ing of the blade. After this, the magnitude of C, decreases until reach-
ing the zero point at 0 = 160°, where the force changes from tensile to
compressive force. Up to about 6 = 200° the C, value increases rap-
idly, followed by a very slow increase until the end of the rotation. The
main difference between the five cases is not found in the general curve
slope over a rotation but in their magnitudes, which leads to differ-
ences in the averaged stress coefficient Cj,.

Table VII lists the amplitude and the averaged bending stress for
the tenth turbine revolution for the selected cases, as well as the resulting
stress coefficient C,. As expected from the C, plot, the amplitude of the
bending stress takes a quite similar value between 8.8 and 11 MPa for all
five cases. However, at the same time, the mean values are much lower
in general, but have a high variation in between —1.2 and 6.9 MPa. This
underlines the necessity to account for the mean load in the structural
analysis and to use the approach based on the Smith diagram as pro-
posed in the presented method. It can be seen that Case D has both one
of the highest Gampliude and the highest o neqn value. This is also reflected
in the C, value, which is the highest for the five cases. Otherwise, case A
features the lowest Gymplitude @s Well as a quite low mean bending stress,
which is also illustrated in its low C, value. It can be concluded that the
presented methodology is suitable for assessing the complex instanta-
neous blade loads with a single value.

V. CONCLUSION

In the present paper, a standardized, systematic, and automated
methodology to assess the loads on the structure of a cross-flow tidal

ARTICLE pubs.aip.org/aip/pof

turbine in a cost efficient and accurate manner has been presented.
The methodology is based on fully automated CFD simulations, which
allow for evaluation of the performance and structural loads. The latter
are based on a simplified mechanical model of the blade represented as
a clamped beam, and the assessment of the most critical point at the
fixation. A stress coefficient is introduced that accounts for both ampli-
tude and mean stress of the alternating loads, providing a simple yet
accurate way to qualitatively compare the fatigue risk in different
designs of cross-flow tidal turbine blade shapes and operating points.
It should be noted that C;, is a relative indicator of fatigue risk. It is
suitable for comparing different blade profiles and operating condi-
tions at an early design stage, but it does not replace a full fatigue life
prediction for the entire turbine.

To assess the methodology, 120 cases with randomized blade
shapes and different operating points have been analyzed. The diame-
ter of the turbine is limited by the experimental setup, and therefore,
fixed at 400 mm for all cases. However, the tested blades had different
shapes and chord lengths (60-90 mm), which allowed to test a wide
range of solidities (¢ =0.9-1.35). The analysis of the different cases
revealed preliminary correlations in between the design parameters
and the turbine power and stress coefficients. The analysis showed that
blade cambering, quantified by maximal camber and blade tortuosity,
has a high correlation with the blade performance. It shows that more
pronounced cambering leads to lower Cp. However, it does not indi-
cate a significant effect on the blade loads. This could suggest that
morphing blades could be a feasible concept to adapt the turbine per-
formance without increasing loadings. However, further research is
necessary on this topic, as existing studies do not provide a clear pic-
ture. In addition, a weak correlation was found for larger chord lengths
and higher tip speed ratios, which increase the stress coefficient. In
comparison, no meaningful correlation between these parameters and
the Cp was found. Nevertheless, the in-depth spot analysis of five dif-
ferent cases suggests that the TSR and ¢ have an impact on the Cp
value, which is also known from literature. Therefore, the effect of TSR
and ¢ on both C, and Cp should be investigated with higher sample
sizes to provide better statistical relevance.

In summary, the proposed method enables a fast, accurate, and
systematic assessment of CFFT structural loads without the need for
computationally expensive FSI simulations. In addition, the setup is
suitable for fully automatized assessment of different cases, avoiding
the coupling of two heavy software solutions for the CFD and FEA
while providing the important information by only two dimensionless
indicators (Cp and C,). An optimal case can then be selected from the
Pareto front as a trade-off between Cp and C,, depending on the spe-
cific requirements. This makes it particularly useful for early-stage
design optimization as well as a comparative metric of turbine blades
and operating points. The study also clearly emphasizes the impor-
tance of optimized turbine geometries for balancing the power output
with the structural lifetime of cross-flow tidal turbines.
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NOMENCLATURE

A Projected cross-section area of the turbine (m?)
C, Normal force coefficient (-)
Cp  Power coefficient (-)
Co  Torque coefficient (-)
C.  Tangential force coefficient (-)
C, Stress coefficient (-)
CAD  Computer-aided design
CFD  Computational fluid dynamics
CFTT  Cross-flow tidal turbines
CPU  Central processing unit
¢ Blade chord length (m)
D  Turbine diameter (m)
DNS  Direct numerical simulation
E  Young’s modulus (GPa)
EBB  Euler-Bernoulli beam theory
Fapy  Force on the supports A and B in y-direction (N)
Fpow  Reference force of the incoming flow (N)
F, Normal force (N)
Fq  Shear force (N)
F;  Tangential force (N)
FEA  Finite element analysis
FSI  Fluid-structure interaction
HAT  Horizontal-axis turbines
k  Turbulent kinetic energy (m*/s*)
L Length of the turbine blade (m)
LEGI  Laboratoire des Ecoulements Geophysiques et Industriels
I Length of the blade camber line (m)
Map  Moment on the supports A and B (Nm)

pubs.aip.org/aip/pof

M, Bending moment (Nm)
NACA  National Advisory Committee for Aeronautics
P  Dynamic pressure of the flow (Pa)
Q  Turbine torque (Nm)
q Distributed line load (N/m)
R Turbine radius (m)
R,  Tensile strength (MPa)
R,  Yield strength (MPa)
Re  Reynolds number (-)
S Cross-section of the blade (m?)
SST  Shear stress transport
T  Temperature (°C)
TSR Tip speed ratio
URANS  Unsteady Reynolds-averaged Navier-Stokes
Ve  Absolute flow velocity (m/s)
W Relative flow velocity (m/s)
Z  Section modulus of the blade (m?)
0  Azimuth angle (°)
i Dynamic viscosity (Pas)
u,  Turbulent viscosity (Pas)
p  Density (kg/m®)
o Solidity (-)
o, Bending stress (Pa)
7 Shear stress (Pa)
v Kinematic viscosity (m?/s)
o  Turbulence specific dissipation rate (1/s)
ot Angular velocity (rad/s)

APPENDIX A: GOVERNING EQUATIONS FOR FLUID
MODELING

The Navier-Stokes equations describe a set of partial differen-
tial equations that are the governing equations in fluid mechanics
needed to calculate the flow fields in this study. These equations are
based on mass, momentum, and energy conservation. For the case
of an isothermal flow, only the mass and momentum conservation
needs to be taken into account. For an incompressible (density
p = constant) Newtonian fluid with a constant dynamic viscosity p
this results in Egs. (A1) and (A2), where V is the velocity, g is the
acceleration, and p is the pressure.

v,
ox 0, (A1)

av; 8Vj ap >*V;
= A2
(at +V; ax,») “ox Homow P8 (A2

The direct solving of these equations is possible using the
direct numerical simulation (DNS) method. It is, however, compu-
tationally demanding due to the necessity of a very fine mesh and
an extremely small time step. An alternative possibility is to simplify
the equations by time-averaging the flow properties, which leads to
the unsteady Reynolds-averaged Navier-Stokes (URANS) formula-
tion given in Egs. (A3) and (A4).

v,

O, =0, (A3)
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v, _ov;\ o &V,
p<+Vl ')_(’“))chrH(Q)xiaxi

—a%(pvi’v;) +pg.  (A4)
It can be seen that in Eq. (A4), a new term (pW) appears,
which takes into account turbulent fluctuations. This term is known
as the Reynolds stress tensor, and solving it would introduce six
new unknowns into the equation system. In order to close the sys-
tem, a turbulence model is required. Most of these work by express-
ing the Reynolds stress tensor based on the eddy-viscosity
(Boussinesq) hypothesis, as shown in Eq. (A5), where i, and v; are
the dynamic and kinematic turbulence viscosity, respectively, and k
is the turbulent kinetic energy.
o i 9V .
,pVi’Vj’ =, (%—Zj+a—xj> ,% pké; with u, = pv;. (A5)

In the present study, Menters k-w-SST turbulence model is
applied,”’ which combines the k- and the k-& model. The kine-
matic turbulence viscosity can be solved following Eq. (A6), where
a; is a model constant,  is the specific dissipation rate, S is the
invariant of the mean strain-rate tensor, and F, is a blending
function.

alk

= R A6
" max(a; w; SF,) (46)

To provide closure of the Reynolds stresses the k--SST tur-
bulence model introduces two additional equations for the turbu-
lence kinetic energy k and the specific dissipation rate w. These are
defined by Eqs. (A7) and (A8).

k) O(pVik)

7+T,9:Pk—ﬂ*pkw
+8ixj (M+akﬂf)§—;], (A7)
8(5:)) +8(/(;7\)2w) = apS® — fpar? +6£xj (1 + Goy) gij)]
+2(1 = Fy)poo %g_)’;g_: 48)
2 B
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FIG. 14. Schematic representation of the fixed beam with an evenly distributed load
q over the span of the blade. Forces and moments acting on the supports are pre-
sented in red. Adapted from Ruiz-Hussmann et al.,, Int. Mar. Energy J. 8, 47-55
(2025)."” Copyright 2025 Author(s), licensed under a Creative Commons Attribution
(CC BY) license.

pubs.aip.org/aip/pof

In these equations o, f3, f*, ok, 0, and a,, are model con-
stants, F; is a blending function, and P denotes the production of
turbulent kinetic energy. More information can be found in Menter
etal’’

APPENDIX B: GOVERNING EQUATIONS OF THE EULER-
BERNOULLI BEAM THEORY

In the present study, the Euler-Bernoulli beam theory is
applied to determine the response of the blade to the applied loads.
This model uses the basic equations of continuum mechanics. This
theory considers the cross-sectional plane of the beam, in our case
the blade, to stay perpendicular to the beam axis after deformation.
In addition, the cross section is assumed to stay flat and unwarped
after bending. Furthermore, in the EBB theory, the deformation
occurs only from normal forces, which are applied linearly over the
beam’s cross section, while shear deformation and shear stresses are
neglected.”’

The EBB theory links the load acting on the beam with the
deflection through Eq. (B1), stating that the fourth derivative of the
deflection v is proportional to the applied load q. E is the Young’s
modulus and I is the second moment of area.

d*v(z)

EI o = q(z). (B1)

Derivation of this equation results in the following relationship
between the internal Moment M(z) and the deflection.

d*v(z
EI dz(2 ) _ M(z). (B2)

In the present study is modeled as a beam that is fixed at both
ends with an evenly distributed load acting over the span of the
blade. Figure 14 shows a schematic representation, where the forces
and moments acting on the supports are shown in red.

The forces and moments on the supports need to be solved in
order to determine the internal forces that cause bending stresses in
the blades. Together with the presented equations, the equilibrium
relations for forces and moments, and the boundary conditions for
the present case [see Eq. (B3)], the support reactions are calculated.

v(0)=v(L)=0 and +(0)=+'(L)=0. (B3)

APPENDIX C: DETAILS OF THE MESH SENSITIVITY
STUDY

A grid sensitivity study in two steps was carried out to find the
optimal grid size, which gives correct results while reducing time
and numerical resources for each simulation. In the present case,
the turbine power coefficient Cp was chosen as the reference metric.
The calculation of this value is further explained in Sec. II C 1. The
results of the average Cp value where compared between the differ-
ent mesh sizes, taking the finest mesh as reference. The grid sensi-
tivity study was ran for 11 revolutions using the reference blade
shape (cambered NACAO0018, chord length 72.44mm) at a
TSR=2.25 and the same boundary conditions described in Sec.
I1B 2. At first, the mesh of the blade sub-domain was kept equal
while the mesh of the fixed sub-domains (shown in blue in Fig. 4)
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TABLE VIII. Details of the meshes generated as part of the two step grid sensitivity study. For the meshes 1-5 the blade disk domain was kept constant, for the meshes 4 and
6-9 the fixed domain of mesh 4 was employed, and the cells in the blade domain were modified by changing the number of cells around and perpendicular to the blade.

85:52:22 5202 JoqWBNON +Z

Cells
Mesh Total Fixed domain Blade domain Around blade Perpendicular to blade
1 497 362 381532 38610 297 130
2 209 842 94012 38610 297 130
3 177 530 61700 38610 297 130
4 157965 42135 38610 297 130
5 139735 23905 38610 297 130
6 131235 42135 29700 297 100
7 120975 42135 26280 219 120
8 107 835 42135 21900 219 100
9 88965 42135 15610 223 70
TABLE IX. Power coefficients obtained with the different meshes and their percent- was refined. After finding the most suitable mesh of the fixed
age deviation compared to the finest mesh of the respective study. region, the mesh of the blade sub-domain was adapted. Splitting up
the mesh sensitivity analysis into two steps ensures a resolved
Total  Average .CP. C;PU boundary layer close to the blade walls during the complete
Mesh cells Cp variation  time analysis.
1 497 362 0308 o 285h For.the ﬁrst step, ﬁve. different meshes (mes.hes 1-5) were gen-
erated with different cell sizes for the fixed domain. The mesh of the
2 209 842 0.306 0.51% 123h . . .
Constant 5 177530 0.306 0.69% 95h three blade disks was kept equal with 38 600 cells e.ach, makmg. sure
blade domain to keep a y" ~ 1 close to the blades. Table VIII lists the details of
4 157965 0.305 0.96% 80h the different meshes generated, and Table IX shows the average Cp
5 139735 0.298 3.0% 67h value during the final revolution and the percentage deviation com-
4 157965 0.305 e 80h pared to the finest mesh. Among the five meshes generated in the
6 131235 0.296 2.99% 72h first step, meshes 1 through 4 produced similar Cp values, with devi-
Constant ) 7 120975 0.305 0.06% 72h ations of less than 1% from the finest mesh. Therefore, mesh 4 was
fixed domain 8 107 835 0.294 3.46% 65h selected for the fixed domain as it represents the best compromise
9 88965 0.298 2.37% 53h between accuracy and computational efficiency.

In the following step, mesh 4 is taken as the reference mesh
and only the cells in the blade domain are adapted, so the fixed
domain remains constant. For this purpose, the number of cells
around the blade and perpendicular to the blade are modified in
several steps, leading to five different meshes (mesh 4 and 6-9). By

TABLE X. Power coefficients obtained with the different time steps and their percent- adapting the cell refinement in the domain, it was made sure to
age deviation compared to smallest time step. always keep y* ~ 1 close to the blade. The exact number of cells
around and perpendicular to the blade can be taken from Table
Time step ~ Average Cp ~ Cp variation ~CPUtime  VIII, In Table IX it can be seen, that by reducing the amount of cells
R around the blade, the average Cp value strongly deviates from the
025 0.245 o 319h reference value. Mesh 7 has been chosen as the final mesh, as it has
0.5° 0.261 6.7% 167h a very low deviation.
1.0° 0.275 12.3% 99h
TSR=15 2.0° 0.294 202% 53h
4.0° 0.251 2.54% 26h APPENDIX D: DETAILS OF THE TIME STEP SENSITIVITY
8.0° 0221 9.69% 14h STUDY
0257 0.294 T 322h Additional to the grid sensitivity study, a time sensitivity study
0.5° 0.299 1.53% 193h has been conducted. In this study, the accuracy of the simulations
1.0° 0.295 0.23% 96h was examined as a function of the time step. For this purpose, the
TSR=2.25 2.0° 0.298 1.29% 58h reference case (cambered NACA0018, ¢ = 72.44 mm) was simulated
4.0° 0.301 2.30% 27h using six different time steps corresponding to the variation of the
8.0° 0.251 14.7% 15h turbine’s azimuth angle of 8°, 4°, 2°, 1°, 0.5°, and 0.25°. This was
conducted for two different operating points: a TSR of 2.25 and 1.5,
Phys. Fluids 37, 117111 (2025); doi: 10.1063/5.0291030 37, 11711117
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FIG. 15. Instantaneous power coefficients Cp curves for one blade obtained with
the different time steps during the tenth simulated revolution. The studied case cor-
responds to the reference case (cambered NACA0018, ¢ =72.44mm) at a TSR
equal to 2.25.

the latter being the most challenging TSR that might be faced in the
present study. Again, the average turbine power coefficient Cp was
chosen as the reference metric taking the value of the smallest time
step as the reference. Table X shows the results of the average Cp
and its percentage deviation compared to the smallest time step for
the two tested TSR. For a TSR of 1.5 it can be seen that the average
Cp fluctuates between the different time steps, while for a TSR of
2.25, the error increases with an increasing time step.

In addition to the average turbine power coefficient Cp, the
instantaneous Cp for one blade over the last simulated revolution
was considered. The obtained curves for the different time steps are
shown in Fig. 15 for a TSR equal to 2.25. It can be seen that from a
time step corresponding to 1° the curve progression is very similar
to the smaller time steps. Therefore, it can be concluded that the
instantaneous Cp is well predicted starting at a time step corre-
sponding to a 1° change of the azimuth angle.

For this reason, a time step corresponding to the variation of the
turbines azimuth angle of 1° has been chosen. It well predicts the
instantaneous Cp trend and is a trade-off between the accuracy (per-
centage deviation lower than 1% for a TSR of 2.25) and the computa-
tional time, which is much lower than for the smaller time steps.
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