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Abstract This paper shows an integrated structural design optimization of a composite
rotor-hydrofoil of a water current turbine by means the finite elements method (FEM), using
a Serial/Parallel mixing theory (Rastellini et al. Comput. Struct. 86:879–896, 2008, Martinez
et al., 2007, Martinez and Oller Arch. Comput. Methods. 16(4):357–397, 2009, Martinez
et al. Compos. Part B Eng. 42(2011):134–144, 2010) coupled with a fluid-dynamic formu-
lation and multi-objective optimization algorithm (Gen and Cheng 1997, Lee et al. Compos.
Struct. 99:181–192, 2013, Lee et al. Compos. Struct. 94(3):1087–1096, 2012). The com-
posite hydrofoil of the turbine rotor has been design using a reinforced laminate composites,
taking into account the optimization of the carbon fiber orientation to obtain the maximum
strength and lower rotational-inertia. Also, these results have been compared with a steel
hydrofoil remarking the different performance on both structures. The mechanical and
geometrical parameters involved in the design of this fiber-reinforced composite material
are the fiber orientation, number of layers, stacking sequence and laminate thickness. Water
pressure in the rotor of the turbine is obtained from a coupled fluid-dynamic simulation
(CFD), whose detail can be found in the reference Oller et al. (2012). The main purpose of
this paper is to achieve a very low inertia rotor minimizing the start-stop effect, because it is
applied in axial water flow turbine currently in design by the authors, in which is important
to take the maximum advantage of the kinetic energy. The FEM simulation codes are
engineered by CIMNE (International Center for Numerical Method in Engineering,
Barcelona, Spain), COMPack for the solids problem application, KRATOS for fluid dy-
namic application and RMOP for the structural optimization. To validate the procedure here
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presented, many turbine rotors made of composite materials are analyzed and three of them
are compared with the steel one.

Keywords Water current turbines (WCT) . Composite materials . Rotor turbine design
and analysis . Finite element method (FEM) . Multi-objective Optimization

1 Introduction

Water Current Turbines (WCT) are an important topic of study at present, because of the
concept of using the most powerful and predictable renewable energy (current water),
without modifying the environment. In this particular case the studied rotor belongs to an
axial riverbed WCT designed by the authors (Fig. 1) [1]. Its compact design, its condition of
axial flow and its low rotational inertia due to the composite material rotors, confer the
functionality at low speed fluvial beds, avoiding the requirement of great earthworks and
expensive civil constructions.

Multi-laminated composite structures are an ever-increasingly important topic in the fields of
fabrication of mechanical, aerospace, marine, and machinery industries due to their advantages
such as durability (no corrosion—lower maintenance cost), survivability (fire resistance, crash
energy absorption), excellent resistance against cyclic loading (low fatigue), reparability
(restoration and repair), etc. Multilayered fiber-reinforced material systems can offer
versatility in composite design due to the fact that the stacking sequence of each orthotropic
layer can take full advantage of the superior mechanical properties in terms of its strength,
stiffness, and total weight. One of the goals in design optimization of multilayered composite
structure is to increase its strength while lowering its weight/rotational inertia with a given set of
fibrous materials. Laminate of fiber-reinforced composites are very useful when low
weight/rotational inertia together high strength/stiffness are required, like the case of axial
water turbines. As an additional advantage, it is possible to fit the weight without downgrade the
efficiency through the design of the fiber orientation, fraction reinforcement volume, choice of
large or short fibers, layer thickness and stacking sequence.

Fig. 1 Author’s axial riverbed rotor of Water Current Turbine
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This paper studies the structural performance of a turbine rotor made-up of a laminate of fiber-
reinforced composites material using the mixing anisotropic theory. This formulation manages
several damage constitutive models simultaneously and its homogenized damage composite
variables, defining the inelastic limit behavior taking into account the reinforced of the matrix and
the fiber-matrix debounding effect. The composite material used is a laminate composed by
epoxy matrix reinforced with carbon fibers. The variations of the angle of fibers orientation and
the thickness and stacking sequence are controlled by the Multi-objective Optimization module,
allowing obtaining better values of stiffness and strength with a smaller weight and rotational-
inertia. The anisotropic mixing theory has been implemented for the structural analysis on
“COMPack” FEM explicit code [2–5] coupled with “KRATOS” [6] fluid dynamic FEM code,
and the above mentioned optimization module. These codes (see Fig. 2) allows the fiber-
reinforced composites rotor design takes into account the successive geometric and mechanical
changes of each component materials that forming the composite. The finite elements code for the
study of the behavior of the fluid-dynamic problem of the rotor (KRATOS Multi-Physics [6])
give the state of pressures and speeds of the fluid in each point of the rotor blades [1]. Although in
this work the structural analysis of the turbine rotor is mainly shown, the achievement of such
results has been possible thanks to the coupling between both codes, COMPack-FEM and
KRATOS-FEM (Fig. 2). Details about this fluid dynamic numerical simulation are available at
the reference Oller et al. [1]. Thus, the fluid pressures and speeds distribution in the axial camera
of the turbine obtained bymeans the KRATOS-FEM code, are introduced to the COMPack-FEM
code (here reported) by a “staggered” procedure [7, 8], solving each problem per time (Fig. 2).

To conclude the influence of the fiber direction and layers configuration in the composite
of the turbine rotor proposed in this work, the maximum stress states and the stiffness in a
hydrofoil constituted by a reinforced of the matrix with carbon fibers with three different
configurations (±45º, 0º/45º and 0º/90º) are reported. These values are compared between
them and with those obtained considering the rotor made of a steel isotropic material

Fig. 2 Flow diagram of solid–fluid Finite Element Program interaction
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(Fig. 7). The numerical simulation of the hydrofoil of composite material is obtained using a
formulation based on the generalized anisotropic theory of mixtures [3, 9].

2 Numerical Model for the Structural Design of a Turbine Rotor Made of a Laminate
of Fiber-Reinforced Composite

This section presents the proposed constitutive model for the turbine rotor hydrofoil design on
epoxy matrix reinforced with carbon fibers. For this purpose a summary of the constitutive
damage model [5, 10, 11] managed by an orthotropic Serial/Parallel mixing theory [3, 5, 10,
12] coupled with an optimalmulti-objective genetic algorithm design [13, 14] are introduced in
this paper. The coupling of these numerical models provides a laminate safety factor obtained
from a new definition of homogenized laminate damage indexwhich is obtained from the local
damage provided by the constitutive damage model previously mentioned.

A stacking sequence and carbon fiber orientation design optimization for multilayered com-
posite blade is made-up using an evolutionary algorithm [13, 14]. The stacking sequence and
orientation of fibers has a strong influence on the strength of multilayered composite blades.
Multiple layers of fiber-reinforced material systems offer flexibility in engineering material design,
offering several types of composite materials with the best mechanical properties. Numerical results
show that optimal composite turbine rotor designed has a lower rotational-inertia, higher stiffness
and also affordable cost when comparedwith other solutions, included the classical steel hydrofoils.

Next sections present a summary of the proposed mechanical formulation used in this paper:
1) Orthotropic Serial/Parallel mixing theory for the laminate composition material, 2)
Constitutive damage model for the simple matrix numerically reinforced with carbon fibers by
means the mixing theory, and 3) the definition of the “homogenized laminate damage index” and
its corresponding “laminate safety factor”. All thesemechanical formulations will be reiteratively
called by an iterative numerical procedure controlled by the “multi-objective genetic algorithm”,
that will provide a well-designed composite rotor after a finite number of iteration.

2.1 Serial/Parallel Mixing Theory for One Layer

The classical rule of mixtures, originally developed by Trusdell and Toupin, [4, 9, 15, 16], uses
a phenomenological approach based on continuum mechanics in the macro-scale for the
composite mechanical analysis. The main problem of classical mixing theory is the poor ability
to represent the serial behavior of the components in the composite (Fig. 3, iso-stress case).

The serial/parallel rule of mixtures improves the classical mixing theory replacing the iso-
strain hypothesis for an iso-strain condition in the fiber direction and an iso-stress condition
in the transversal one (Eq. (6)). This allows modeling all the components distribution in the
composite as shown in Fig. 3. This formulation is an alternative to the homogenization
technique, based on the multiple scale study [17, 18]. An extensive description of this
formulation can be found in Rastellini, [3].

The serial/parallel (SP) model [3] considers that the component materials of the compos-
ite act in parallel along a certain direction and in serial in the remaining directions.
Consequently, it is necessary to define and separate the serial and parallel components of
the strain and stress tensors. Defining e1 as the director vector that determines the parallel
behavior (fiber direction), the parallel projector tensor NP can be defined as

NP ¼ e1⊗e1 ð1Þ
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Using NP, the 4th-order parallel projector tensor PP, and the complementary serial
projector tensor PS, are defined as:

PP ¼ NP⊗NP ; PS ¼ I−NP ð2Þ
Both tensors are used to find the parallel and serial part of the strain tensor εP and εS

respectively,

εP ¼ PP : ε ; εS ¼ PS : ε ð3Þ
Hence, the strain and stress tensors are split into its parallel and serial parts

ε ¼ εP þ εS ; σ ¼ σP þ σS ; where : σP ¼ PP : σ and σS ¼ PS : σ ð4Þ
Themain hypothesis in which the numerical model of the Serial/Parallel mixing theory is based

are: (i) the composite is composed by two component materials: fiber and matrix; (ii) the
component materials have the same strain in parallel (fiber) direction; (iii) the component materials
have the same stress in the serial direction; (iv) the composite material response is in direct relation
with the volume fractions of the compounding materials; (v) the homogeneous distribution of
phases is considered in the composite; (vi) perfect bounding between components is assumed.

The equations that define the stress equilibrium and establish the strain compatibility
between components are obtained from the analysis of the model hypothesis. Thus,

Parallel behavior : c εP¼m εP¼ f εP
cσP¼mkmσPþ f k fσP

ð5Þ

Serial behavior : cεS ¼ mkmεSþ f k f εS
cσS ¼ m σS ¼ f σS

ð6Þ

where, εP and εS are the parallel and serial components of the stress tensor respectively, σP

and σS are the parallel and serial components of the strain superscripts, c, m and f denote the

Fig. 3 Different distribution of components in a composite material
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composite, matrix and fiber materials and mk and fk are the volumetric participation of fiber
and matrix in the composite, respectively.

The serial/parallel mixing theory can use any constitutive equation to describe the
behavior of each component material. The constitutive equations chosen can be different
for each component (for example, an elastic law to describe the fiber behavior and a damage
formulation to describe the matrix behavior). The constitutive equations for the matrix and
the fiber can be expressed as:

kσ ¼ kCS : kε where
kσP
kσS

� �
¼

kCS
PP

kCS
PS

kCS
SP

kCS
SS

� �
:

kεP
kεS

� �
ð7Þ

where kσ is the stress tensor of the kth component material, kε is the total strain tensors, C is the
respective damaged secant constitutive tensor and its elements are: kCPP ¼ PP :
kC : PP;

kCPS ¼ PP : kC : PS ;
kCSP ¼ PS : kC : PP;

kCSS ¼ PS : kC : PS .
The schematic S/P (or Generalized) Mixing Theory flow diagram implemented in the

COMPack-FEM code, is shown in Fig. 4.

Fig. 4 Flow diagram of the Serial/Parallel mixing theory (S/P—Rule of Mixtures)
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2.2 Serial/Parallel Mixing Theory for a Stacking Layers Composites

Laminate composites are formed by different layers with different fiber orientations. The
orientation of the fiber can be defined by the engineer or automatically by an optimization
process in order to obtain the better performance of the composite according to its applica-
tion. The S/P- Rule of Mixtures (RoM) formulation can be applied to each layer of the
composite and, afterwards, the composite behavior is computed by combining the perfor-
mance of each constituent layer. The classical mixing theory is applied to each layer to
obtain the laminate behavior.

Applying the classical mixing theory onto the different layers of the laminate composite
implies the assumption that all laminate are undergoing the same strain. This assumption can
be considered correct, since the different laminate usually have fiber orientation distributions
disposed in such a way that provide the laminate with an in-plane homogeneous stiffness.

2.3 Local and Global Homogenized Damage Index

In this section are defining two damage indexes (local and global) to ensure the composite
laminate being within the elastic range, avoiding these two damage thresholds.

The local damage constitutive model [11, 19] used to set the threshold for the initiation of
non-linear damage process in each point of component material integrated in the composite
one and its subsequent evolution is presented in this subsection. This concept allows the new
definition of a global homogenized threshold criterion of damage for the entire laminate (see
section 2.3.2), resulting from the composition of the local damage index over all involved
material in the laminate composite.

2.3.1 Local Damage Model

Material degradation -or damage- in a simple continuum material component due to a
dissipative process can be simulated by means a local damage formulation [11, 19, 20].
This model is used at each simple matrix material embedded in the composite one, inducing
a stiffness degradation and strength reduction in the entire laminate.

The isotropic damage formulation is based on a scalar internal variable d that represents
the level of degradation at each simple component material. This variable are bounded
between 0 and 1, being zero for undamaged and one for completely damaged point of
component material. The local damage variable d is used to links the real stress tensor σ with
the effective undamaged stress tensor σ0. Therefore, the relation between the damaged stress
and the strain in the matrix included in each layer depends on the damage d internal variable
and the elastic constitutive tensor (C0 )

σ ¼ 1−dð Þσ0 ¼ 1−dð ÞC0|fflfflfflfflffl{zfflfflfflfflffl}
CS

0

:ε ¼ C0 :ε½ �− d C0 :ε½ � ¼ σ0−σd ð8Þ

The stress condition at which damage starts and the evolution of the damage variable can
be described by:

F σ0; qð Þ ¼ f σ0ð Þ−c dð Þ≤0 ; with q≡ df g ð9Þ

being F(σ0; q) the damage threshold function, f (σ0) the scalar equivalent stress function and
c (d) the uniaxial strength evolution, depending on internal damage variable d.
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This formulation allows the damage onset and evolution using any limit criterion already
defined in literature (von Mises, Mohr Coulomb, Drucker Prager, etc.) [8, 19], but in this
paper we have used the norm of the principal stresses, with a different degradation path for
tension and compression loads,

f σ0ð Þ ¼ ρ⋅ σIk k ð10Þ
being σI the principal stress tensor and ρ a function that weights the proportion of tension
and compression stresses that are applied to the material. This weight function is defined as,

ρ ¼ r0
τc
τ t

þ 1−r0ð Þ with r0 ¼
X
I¼1

3
〈σI 〉

.X
I¼1

3
σIj j ð11Þ

being τc and τt the ultimate strength of the material in compression and tension, respectively,
and 〈χ〉 the Macaulay function.

The mechanical evolution of the damage inner variable d is obtained using the damage
consistency and the Kuhn–Tucker load/unload conditions [11, 19], being possible to explic-
itly integrate the damage internal variable to obtain:

c dð Þ ¼ max τ c;max f σ0ð Þf gf g and d ¼ G f σ0ð Þð Þ ð12Þ
The function G defines the softening evolution of the material. The behavior evolution of

the damage material in the present work uses an explicit exponential softening, which is
defined as,

d ¼ G f σ0ð Þ½ � ¼ 1−
τc

f σ0ð Þ eA 1−
f σ0ð Þ
τc

� �
with τ c ¼ cmax ð13Þ

where A is a parameter that depends of the fracture energy of each simple material [11]. For
an exponential softening this parameter can be obtained as

A ¼ Gc⋅C0

l f ⋅τ2c
−
1

2

� �−1

ð14Þ

being C0 the Young modulus of the material, Gc the fracture compression energy of the
material and lf the geometrically regularization parameter, called fracture length related with
the characteristically size of the finite element used. The introduction of the fracture length
in the formulation makes the degradation process mesh independent [11, 19].

2.3.2 Global Homogenized Laminate Damage Index or Security Laminate Factor

According to the Serial/Parallel mixing theory previously introduced, fibers only collaborate
to the composite strengthening in longitudinal direction of the fibers. Thus, the damage on
the composite material is mainly concentrated in the matrix but not in the reinforcement
fibers. Thereby, when stresses in matrix reach their maximum elastic value (damage
threshold), the material falls according to the damage constitutive law previously presented
and, when the total fracture energy has been achieved in each point of simple component
material, the material cannot support the level of the stresses and its contribution to the
structure strength an stiffness disappears, starting a crack evolution/progression producing a
delamination phenomenon. Also, the lack of strength in all directions is produced, except in
the longitudinal fibers (because fibers do not reach the damaged threshold). Hence, this
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mechanism induces localized fracture (delamination) at constitutive level without the com-
putational cost of breaking the mesh and re-meshing the new delaminated area.

In the case of laminates, the global composite damage variable dL is obtained by the
homogenization of de local damage variable d of each simple component materials (see
section 2.3.1). This definition of homogenized laminar damage can also be interpreted as the
safety laminates factor that will be used in the optimization process and will be introducing
in next section. This new structural damage variable dL is also bounded between 0 and 1 as
local damage and it is defined as,

dL ¼
X
i¼1

nGP

V i

 !−1

⋅
X
i¼1

nGP

V i di ð15Þ

where di and Vi are the local damage variable and its Gauss point volume for each single
material, nGP is the number of Gauss points involved in all materials included in the layers
participating in the shell element.

The delamination phenomenon stops when a damaged point can provide enough shear
strength to equilibrate the shear stresses that appears in the inter-laminar zone.

2.4 Optimal Multi-Objective Algorithm Design for Laminate of Fiber-Reinforced
Composites

This section presents a stacking sequence and fiber orientation design optimization for
multilayered composite structure in a discretized multi-objective approach using multi-
objective genetic algorithm [13, 14, 21, 22]. A combination of thickness and orientation
angles of each layer is computed by using reiteratively the COMPack-FEM code [2]. This
code allows calculate the stiffness and strength of a fiber-reinforced layer, and also the
rotational-inertia of laminates.

For the optimization, a multi-objective algorithm in a optimization platform (RMOP)
developed by CIMNE [13, 14] is used as optimization system coupled to COMPack (see
Fig. 2) to find the optimal combination of fiber orientation for multilayered composite
hydrofoils which should have lower rotational-inertia, higher stiffness and affordable total
cost.

Engineering design problems require a simultaneous optimization of conflicting objec-
tives and an associated number of constraints. Unlike single objective optimization prob-
lems, the solution is a set of points known as Pareto optimal set [13, 14].

2.4.1 Robust Multi-Objective Optimization Platform (RMOP)

RMOP is a computational intelligence framework which is a collection of population based
algorithms including a searching method based on Genetic Algorithm [21]. This algorithm
uses a Pareto selection operator which ensures that the new individual is not dominated by
any other solutions.

In references [13, 14] is shown more detail about of RMOP and the corresponding
interaction modules, used in the computational code. This platform is easily coupled to
any kind analysis tools, and particularly in this paper the coupling was performed with the
COMPack finite element code [2], designed for the structural analysis of laminate of fiber-
reinforced composites (see Fig. 2). As mentioned above, COMPack-FEM code support
several kinds of constitutive models and use de S/P mixing theory for the numerical
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simulation of the laminate composite material. One of the principal benefits of COMPack it’s
the capability of working with the constitutive model of each component material, matrix
and/or fiber, considering its distribution and orientation.

2.4.2 Numerical Optimization Problem

The problem considers a multi-objective composite fiber orientation design optimization to
find a lower rotational-inertia and stiffer multilayered symmetric balanced composite struc-
tures. The geometry, finite element mesh and loads can be seen in Figs. 1, 5 and 6.

However the proposed optimization technique is very powerful, and since the numerical
model to be solved in this paper is very large, we have simplified the number of the
optimization variables to solve the optimal mechanical problem of the turbine rotor, assum-
ing constant the type of fiber (carbon fiber) and thickness of the laminate (fixed stacking)
and leaving as a variable to optimize the carbon fiber angle orientation and minimization of
the rotational inertia. Thus, for the complete design of the turbine rotor has been taken into
account several pairs of fiber orientation, but have been chosen the three pairs more
significant intermediate values for take the conclusion: Case1:[±450], Case2:[00/450],
Case3:[450/900]. Also, the material used in the blade rotor is composed for six layers of
e=0.3mm, forming a laminate thickness of t=1.8mm. The matrix has a density of
mmatrix=1,200kg/m

3, occupying a 60 % of the total volume. The carbon fibers have a density
of mfiber=1,800kg/m

3 and involved in 40 % of the total volume. The complete description of
the materials properties for matrix and fibers components can be seen in Table 1.

The rotor blade solution considers a multi-objective multilayered composite structure
design optimization using RMOP. The fitness functions to minimize the rotational-inertia of
the multilayered composite Icomp, while maximizing the strength of the composite and
minimizing its homogenized laminate damage index dL, are;

Fig. 5 Hydrofoil’s dimensions and profile
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f 1 ¼ min I comp
� � ¼ min

X
i¼0

n

ILayeri

 !

f 2 ¼ max σcomp

� � ¼ max
X
i¼0

n

σi θ j

� �
Layer

 !
; ∀ 0≤θ j≤π

.
2

f 3 ¼ min dL
� � ¼ min

X
i¼1

nGP

V i

 !−1

⋅
X
i¼1

nGP

V i di

0
@

1
A

ð16Þ

Figure 7 show the solution obtained for the different composite materials, including the
steel results commonly obtained for a classical turbine rotor.

Fig. 6 Rotor’s FEM mesh

Table 1 Mechanical properties of
matrix and fibers of the composite
material

Composite t=6×0.3mm=1.8mm

Matrix ρ=1200kg/m3

E=4.0×109Pa

v=0.353

fT=610MPa

60 % of volume fraction

Fiber reinforcement ρ=1800kg/m3

E=242.1×109Pa

v=0.22

fT
long=3800MPa
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3 Numerical Simulation of the Structural Behavior of a Rotor-Hydrofoil Water Current
Turbine

The numerical simulation of the structural behavior of the rotor of the axial flow turbine by
means of finite elements method (COMPack) coupled with a multi-objective multilayered
composite structure design optimization (RMOP) is presented in this section. A comparative
study considering the structural response of the steel turbine rotor vs. fibers-reinforced com-
posite material is carried out [23, 24]. The composite material analysis is developed employing
the orthotropic mixing theory previously presented, while an isotropic constitutive model is
used for the steel rotor. During this analysis the fitness functions are controlled (Eq. 16).

3.1 Geometry, Boundary Conditions and Finite Element Mesh

The rotor is put under an axial water flow that causes a distribution of pressures on the
hydrofoils. These flow pressures are obtained by KRATOS CFD finite element code and,
particularly, in the leading edge of the hydrofoils of the rotor. The 8 rotor blades have a
hydrodynamic profile with 15º of attack angle (Fig. 5).

From the geometry of the rotor a mesh of 4100 linear shell triangular finite elements is
generated with GiD (rotational-free shell triangle, [25]), with 2012 nodes (Fig. 6).

These shells structure are analyzed firstly made of steel material and then made of
laminate composites material with layers of epoxy matrix reinforced by unidirectional
carbon fibers. In both cases, the properties of the materials are detailed in the corresponding
sections together with the respective analysis.

Fig. 7 Relative comparisons among the composite rotors with different fiber orientation vs. steel rotor: a
“Starting torque”, b “Stress field”, c “Maximum displacements”, d “Stiffness”
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3.2 Action on the Hydrofoil’s Rotor

In this section the water pressures acting on the turbine rotor of axial axis are applied. These
pressures are obtained from KRATOS CFD code for the fluvial flow at low speed river
(Oller et al. [1]). This pressures cause two kinds of loads in the rotor:

– Load 1: Rotation loads on the surfaces of the hydrofoils produced by the differential pressures
between the up and down surfaces of the wing. This load is obtained by the interaction with
KRATOS finite element code (CFD—Computational Fluid Dynamics) to obtain the speed,
correct attack angle of hydrofoils, diagrams of pressures on the wing areas, etc.

– Load 2: Axial loads caused by the directly applied pressures over the attack edge of the
hydrofoil, that cause its deformation and the tensional state of the rotor, trending to
break it in the perpendicular direction of the plane of the rotor. This reaction is studied
and analyzed in this work through the program of finite elements COMPack (Fig. 7).

Kinematic pressures are obtained by KRATOS CFD finite element procedure which is
available on the reference Oller et al. [1]. Thus, using this pressure has been obtained an
applied load of FRotor=672N at the leading edges surfaces of the nwing hydrofoils. This load
is distributed over all nodes of the blades, and is applied in one time step, mining that it is
100 % of applied load in the rotor at time t=1×10−5s. This study exceeds the target of this
paper and the complete fluid dynamic numerical simulation can be found in reference Oller
et al. [1].

The restrictions of movement are applied to the nodes corresponding to the turbine shaft,
representing the sharing points between the rotor and the axis of the turbine.

3.3 Numerical Simulations of the Rotor Made of Steel and Composite Material

The details of the structural behavior of each rotor conformed in steel and composite
laminate are described below [23, 24]. In the analysis corresponding to composite laminate
the previously orthotropic Parallel/Serial theory of mixtures is used. An additional paramet-
ric comparison is also carried out in this case chosen from three pairs of fiber directions and
stacking sequences.

Numerical simulations involves the turbine steel rotor with the following mechanical
parameters: density m=7,850kg/m3, Young modulus E=210.0×106Pa, Poisson ratio v=0.3,
and thickness t=1.2mm; and the turbine rotor made by composite six layers, each one with
e=0.30mm thickness, and three different layups: ±450, 0º–90º and 0º–45º, (see mechanical
properties of components in Table 1), are used in the analysis comparison.

It can be observed after the 1 s applied load, that the minimum stress, σ=10,622Pa (Table 2
and Fig. 7b), corresponds to the non-orthogonal 0º–45º layup configuration, which occurs in the
blades near to the shaft junction (Fig. 8). Figure 9 shows the displacements in the rotor.

Table 2 Comparison between the
four most significant rotors Type of rotor T [mm] Starting

torque [Nm]
Maximum
stress [Pa]

Maximum
displacement
[m]

Steel 1.8 217 25.324,00 2,21E-03

Comp. ±45º 6×0.3=1.8 40 13.397,00 1,65E-03

Comp. 0º/45º 6×0.3=1.8 40 10.622,00 2,73E-03

Comp. 0º/90º 6×0.3=1.8 40 12.342,00 2,42E-03
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4 Rotational Inertia

In WCT axial turbines, the task of reducing the rotational inertia of the rotor is as important
as possible. This will lower resistance to rotation in front of the river speed changes,
allowing more flexibility in starting and stopping of the turbine rotation. With this aim,
the values of the rotational inertia of the turbine rotor are shown below.

Fig. 8 Places of the composite laminate rotor with the profile stress [MPa]distribution

Fig. 9 Places of the composite laminate rotor with the profile displacements [m]distribution
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Inertia of the Steel Rotor For 1.8 mm thickness layer steel, and a msteel=7,850kg/m
3 of

density, and a Vsteel=0.014m
3 of rotor’s volume, the mass rotor is Msteel=108Kg, the

rotational inertia is Isteel=1736Kg m, and the starting torque results equal to Tsteel=217N m.

Inertia of the Composite Rotor Taking into account a 1.8 mm thickness layer composite, and a
density matrix of mmatrix=1200kg/m

3 (participating in a volume fraction of the 60 % of the
composite material), and a density fiber ofmfiber=1800kg/m

3 (participating in a volume fraction
of the 40 % of the composite material). In this case the mixing theory gives a density for the
composite of mcomp=1440kg/m

3, and a volume of the rotor of Vcomp=0.014m
3, resulting a mass

rotor ofMcomp=20Kg, the rotational inertia of Icomp=318Kg m
2, and the machine starting torque

results equal to Tcomp=40N m. This latter value is 5.5 times less than the steel rotor.

5 Conclusions

In this paper an integrated structural design of a composite rotor hydrofoil is presented. It
also introduces a new index of structural damage to control composite elastic threshold. As a
result of this formulation, we can see that the “0º/45º” laminate composite rotor works with
nearly 40 % level of stresses of the steel rotor. The “±45º” composite laminate rotor and the
“0º/90º” composite laminate also work at less stresses than steel rotor (Table 2 and Fig. 7b).

All composite laminate rotors have less stiffness than the steel rotor, but particularly the
composite with fibers oriented to “±45º” has a high stiffness and near to the steel value
(see its relative comparison, Fig. 7d). However, the composite laminate of “0º/45º” has a
much lower stiffness than the other (Fig. 7d), but is enough for this machine requirements,
as its maximum displacement is tolerable in these work functions (see its relative com-
parison, Fig. 7c).

The reduced starting torque of composite laminate rotor is a big advantage during the
operating work of the water turbine, since composites have 5.5 times less starting torque
than the steel rotor (Fig. 7a). It means a machine with better performances at low water flux
velocities, easier to ship, handle, repair, start, etc.

Concluding, the composite laminated rotor of fibers oriented to “±45º” is the best suited
material for this function, since it has a very low rotational inertia (18.3 % of the steel rotor.
See Fig. 7a), a maximum working stress a 47 % lower than the steel rotor (Fig. 7b), and
finally has a good stiffness (53 % of the value corresponding to the steel rotor. See Fig. 7d)
and consistent with a relatively low maximum displacement (Fig. 9c).
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