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1. Introduction

The speed in which a river transports its waters is a constant and clean source of energy. Under
the premise of taking advantage of it, but without having to build a large civil infrastructure such as
that needed in large hydroelectric power plants, various types of turbines submerged in streams
called hydrokinetic turbines have been developed, whose main objective is to generate electricity to
power isolated rural populations or eventually deliver the energy produced to the electrical
interconnection system as mentioned in some studies [1, 2]. This technology has several advantages
in the renewable energy market; for example, the versatility to be used in various settings, where
other technologies are inadequate. It allows the exploitation of the rivers, seas, and even artificial
channels energy. Furthermore, this technology does not require large infrastructure constructions
such as dams or power houses; since it does not require a large amount of accumulated water, the
environmental impact is minimal as suggested by some references [3, 4]. However, because
hydrokinetic turbines are still in development stage and due to the low energy density, that they
allow to take advantage of, their economic feasibility must be carefully studied as shown in several
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research projects [2, 5, 22]. Much of the literature related to the study of hydrokinetic turbines is
based on computational techniques, among which the finite element method (FEM) stands out as a
fast, economical, and reliable design tool compared to an experimental methodology [6, 7]

Different studies have been carried out with the aim of improving the efficiency of hydrokinetic
turbines, varying both geometric and operational parameters. Among the geometric modifications
are the effect of the number of [8] blades, the variation of their attack angle [9, 10] and the
hydrodynamic profiles used for their constitution [11-13] . Another improvement that has been
gaining weight is the implementation of increased diffusers in HAHKTs [14], reaching hydraulic
efficiencies close to 90% with respect to the maximum extractable power of a fluid, established by
the Betz limit [14, 15]. The increase generated by these devices is due to the radial opening that
originates between the diffuser that surrounds the turbine and the diffuser attached to the rear of
the turbine, adding energy to the fluid downstream of the turbine for moment conservation inside
the volume study control, by allowing the entrance of the flow from the outside to the inside of the
device, producing a drag force that helps to evacuate the fluid that passes through the turbine,
reducing recirculation currents that are associated with energy losses in the fluid.

Although the implementation of increased diffusers allows to increase the efficiency of
hydrokinetic turbines, the effect of the fluid on the blades generates an increase in the stress state
that could cause a failure in the material. To avoid this, the effect of the flow on the structure must
be determined, which can be done by implementing coupled simulations between the fluid and the
structure (FSl), allowing to obtain the blade real stress state of the turbine.

Different studies related to the effect of the fluid on the blades of hydrokinetic turbines are
reported in the literature, mainly determining the critical points of the turbine in terms of stress, in
order to offer designers a valid criterion to reinforce these areas of the blades especially, which are
obtained as a result of the previous studies [11, 16]. In addition to this, and understanding the
advantages of the implementation of diffusers in hydrokinetic turbines, both numerical and
experimental studies that validate the effect of the implementation of diffusers in hydrokinetic
turbines on the structural integrity of the blades are presented, highlighting the results presented in
Ref. [17, 21]. As a general result, a significant increase in the maximum stress in the blades,
specifically near the blade attachment zone with the rotating shaft, is found in first- and second-
generation turbines.

Recognizing the importance of determining the stress state to which the blades of a hydrokinetic
turbine that implements a diffuser as a device to increase the capacity of electric power generation
are subjected, in particular with the new geometry diffuser for the third generation turbine, this
document presents as study objective: to determine the effect of implementing second and third
generation diffusers on the stress state in the HAHKT blades, by computational simulation. In this
work, the mechanical behaviour of a HAHKT is determined through simulation, with and without a
diffuser, from the stresses and deformations presented to hydraulic loads of the fluid-structure
interaction. The configuration of the structural analysis of the blades is presented as the main
component of the hydrokinetic turbine, its main loading conditions are described, and the stresses
and deformations presented by them are calculated, to verify their structural integrity when
subjected to the operation conditions established in the hydrodynamic analysis.

2. Methodology
To carry out stress modelling in HAHKT, a fluid-structure interaction analysis (FSI) is used, in which

the pressure fields exerted by the fluid on the structure are considered by a computational fluid
analysis (CFD), allowing to estimate the stress and deformation state of the material through a

80



CFD Letters
Volume 16, Issue 1 (2024) 79-94

structural analysis. This FSI can be done in two ways, using one-way and two-ways coupling. For the
first one, a CFD analysis of the fluid flow must be carried out initially, subsequently exporting the load
obtained to a finite element analysis program to be applied, in this case, on the solid 3D model of the
rotor. For bidirectional coupling, the procedure described above is performed in the first instance,
with the difference that the results obtained in the FEM analysis are used as feedback from the CFD
analysis, generating a closed loop that can be repeated as many times as necessary, until the desired
convergence is reached. However, this last methodology requires a greater computational resource
[18].

This study conducts an FSI analysis with unidirectional coupling of a HAHKT with and without
diffuser, for which the turbine and diffusers were computably modelled, as well as the surrounding
fluid in which they were submerged. To perform the FSI the ANSYS © V18.2 program was used, and
the methodology implemented is specified in the flowchart in Figure 1.

Specification of functional Generation power, speed and

requirements and input data depth of water flow

Sizing / modification of rotor

o [4—— Theoretical and / or empirical
and diffusers

v

3D modeling of the rotor and

formulations

diffusers

Proper rotor and diffuser
assembly?

Establishment / appointment of border
areas and contact between solids and fluid

v

Proper mesh generation for HAHKT

with and without diffusers

Entry and exit border conditions, Entry boundary conditions, and
and starting conditions in the starting conditions in the structural
CFD program analysis program
4,[ CFD simulation (Ansys® CFX) Import of the results obtained in the
» CFD analysis (hydraulic loads acting
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No . v
Convergence achieved? FEM Simulation (Ansys® Structural
Static)

Fig. 1. Flowchart of the methodology used for the analysis of fluid-
structural interaction implemented on the three-dimensional model
of the HAHKT

2.1 CFD Modeling
To obtain the hydraulic load exerted on the rotor and the speeds distribution throughout the fluid

domain, the CFD modeling methodology for the surrounding HAHKT fluid is used, as shown in Figure
1, and a brief detail of this modelling is presented in the following subsections.
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2.1.1 Geometry model

This work was carried out considering the hydrodynamic models and results obtained in the
article: “Computational Fluids Dynamics Analysis at First, Second and Third Hydrokinetics Turbine
Generation” [19]. In which a 1 HP horizontal axis hydrokinetic turbine was designed for average
speeds of Colombian rivers of 1.5 m/s. Which was constituted by a cube and three blades (Figure
2.a), the latter being made using the hydrodynamic profile NREL S822, also using two (2) diffuser
configurations, which were implemented to improve the behaviour of the water fluid down the
turbine.

For the design of the first diffuser (Figure 2.b), a profiled casing was implemented using the
hydrodynamic profile NREL S822 previously used in the design of the blades of the hydrokinetic
turbine, applying a scale of 3:1, guaranteeing that the turbine stayed inside the diffuser, along it. For
the second geometric configuration of the diffuser, geometry similar to the third-generation
hydrokinetic turbine (Figure 2.c) presented in the study carried out by Els and Junior [20] was used,
which served as a form reference to develop a diffuser with said Constitution.

(a) without diffuser (1st generation) (b) with diffuser 1 (2nd generation)

(c) with diffuser 2 (3rd generation)
Fig. 2. Detail design of HAHKT
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2.1.2 Mesh generation

The meshing of the three three-dimensional models of the turbine with and without diffuser was
performed using the Meshing® module of the ANSYS® V18.2 program, using unstructured meshes
formed mainly by tetrahedral elements, using a proximity algorithm for the turbine without diffuser
and curvature, and for the other models, a curvature algorithm. For all cases, a mesh relevance of
+100 and a mesh dimensioning (Sizing) were applied on the trailing edge of the hydrodynamic profile
of the turbine blade specifying a maximum size of 1 mm, in addition to using for the turbine without
diffuser and with diffusers 1 and 2, respectively, a dimensional restructuring controlled by the
parameters of minimum size (Min Size) of 5, 35 and 40 mm, maximum face (Max Phase Size) of 10,
45 and 50 mm, and maximum tetrahedron (Max Tet Size) of 20, 55 and 60 mm. These values were
established considering the respective independence study of the mesh of the results, presenting
percentages of change less than 4% of the torque generated by the turbine. The mesh metrics
obtained in this process are found in Table 1.

Table 1
Mesh metrics of the CFD analysis performed on the turbine with and without diffuser
Orthogonal quality, Aspect radio, Number of nodes
Models Skewness, [Max.] [Max.] [Max.] [10°]
HKT without diffuser 0.8487 0.9979 12.521 3.67
HKT with diffuser 1 0.8678 0.9972 11.517 1.76
HKT with diffuser 2 0.8499 0.9987 17.105 3.62

2.1.3 Turbulence modelling

The meshed models are imported into the ANSYS® CFX module, in which the hydrodynamic
analysis is performed under the operating conditions of the turbine, opting for the implementation
of the k-g turbulence model, due to its wide use in the literature by the good results presented when
solving problems in which a fluid must pass through complex geometries. Being used for the analysis
of the HAHKTSs the continuity and Reynolds-averaged Navier-stokes equations, presented in Eq. (1)
and Eq. (2), respectively [16]

ou; 0 (1)
6xl- B

du; du; 1dp 0 ou;  Ju; _ (2)
Jat oyt 0x; + pox; 0x; v 0x; + 0x; ) =0

Where: u is the velocity, p is the pressure, p is the density, v is the kinematic viscosity and 7 is the
Reynolds stress tensor.

2.1.4 Boundary conditions and CFD setup

Figure 3 shows the configuration of the boundary conditions of one of the analysed models,
which, like the others, consists of a stationary volume, which corresponds to the volume of fluid
external to the turbine and the diffuser, representing the river or water channel in which the device
is submerged; and a rotating domain made up of the volume of fluid between the turbine and the
diffuser. For all the modelled scenarios, a water flow inlet velocity of 1.5 m / s and a gauge pressure
at the outlet of 0 Pa were used as initial parameters. Non-slip walls were established as limits of the
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stationary domain, as well as the faces of the turbine and diffusers. An angular speed variation from
0 to 300 rpm, with increments of 10 rpm, was performed for all models.

Wall
I Wall
Rotary |
volume
[ — Outlet \\ Wall
Inlet —p A -~
/@' S\ B |
tationary Interface Interface
ROtary volume ’
volume
(a) Full volume (b) Rotating volume

Fig. 3. Definition of model boundaries

The CFD analysis of the models was carried out using the CFX module of the ANSYS® V18.2
program, which were configured in a transitional regime characterized by a total time of 4 s for the
turbine without diffuser and 6 s for the turbine with diffuser. A passage time of 1.0E-02 s was used
for all cases, guaranteeing maximum RMS values of 1.0E-04 as conservation criteria in conservation
of mass and amount of movement. Water at 25 ° C was used as the working fluid and a k-€ turbulence
model, which was selected according to the studies carried out by Chica et al., [6]. The interface
between the walls of the stationary and the rotary volume was configured as "Frozen rotor" based
on the study carried out by Kim et al., [23] and the programming of a double precision study to reduce
numerical errors.

The ANSYS® CFX post processor was used to calculate the field variables corresponding to the set
of computational nodes of the analysed models, from which different types of graphs and contours
could be obtained, acquiring greater relevance for the case studies, the velocity and pressure
distribution within the fluid domain. Pressure data that was later used to power the structural static
module. More details about the design, the measurements of each model, the mesh parameters, the
simulation, and the results of the CFD analysis are specified in Ref. [19].

2.2 FEM Modelling

To verify the structural integrity of the hydrokinetic turbine, a rotor stress analysis is performed
under the load conditions obtained in the CFD simulation, as shown in Figure 1. The structural analysis
of the turbine with and without diffuser was performed in the Static-Structural module of the ANSYS®
V18.2 program and a brief detail of the FEM modelling is presented in the following subsections.

2.2.1 3D geometry of solid model

The geometric treatment of the solid 3D models of the HAHKT with and without a diffuser, shown
in previous sections (Figure 2), was carried out using the ANSYS® V18.2 geometry module, in which
the bodies corresponding to the fluids, as well as the diffuser housings were suppressed, leaving only
the solid bodies that will be subjected to structural analysis, being in this case the hydrokinetic
turbine made up of the blades and the hub (Figure 4), since they are the most critical components.
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Fig. 4. Solid bodies of the model that will be
subjected to structural analysis

2.2.2 Mesh generation

The process of discretizing the HAHKT control volumes was carried out in the Meshing® module
of the ANSYS® V18.2 program. For the three models, an unstructured mechanical type tetrahedral
mesh was established, with a function of proximity size and parameters of minimum size (Min Size)
of 30 mm, maximum of face (Max Face Size) of 40 mm and maximum of the tetrahedron (Max Tet
Size) of 50 mm, in addition to a face dimensioning (Face Sizing) on the blade surfaces of 2 mm and an
edge dimensioning (Edge Sizing) on the trailing edge of the blade profile of 1 mm. To establish these
dimensions, a mesh independence study was carried out, using the parameters described above,
allowing various mesh refinements to be made using the effort generated on the turbine blades as a
response variable, guaranteeing variations less than 4% compared to increases in the number of
nodes, thus providing greater reliability of the results obtained (Figure 5). The mesh metrics obtained
in this process are found in Table 2.

Table 2

Mesh metrics of the CFD analysis performed on the turbine with and without diffuser

Models Number of mesh elements [10°] Number of nodes [108]
HKT without diffuser 2.26 3.33

HKT with diffuser 1 7.32 10.8

HKT with diffuser 2 5.36 7.93
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Fig. 5. Mesh independence study carried out for the structural analysis of HAHKT: a)
without diffuser, b) with diffuser 1, and c) with diffuser 2

2.2.3 Loading and boundary conditions

Under normal operating conditions, HAHKTSs are subject to loads produced by the pressure of the
fluid flowing through the rotor, which, due to the relationship between the coefficient of lift and drag
generated on the hydrodynamic profiles used in this type of turbines, allows the rotation of these.
For this reason, the hydraulic load that is used on the solid domain implemented in the FEM
simulation is obtained from the results obtained in the CFD analysis on the surrounding fluid, being
imported in this case from the ANSYS® CFX module. To carry out the structural analysis of the three
models, the boundary condition of the turbine is considered as follows: the axis of the turbine is
established as a fixed support (Figure 6.a) and the hydraulic load obtained in the CFD analysis on the
blades is applied (Figure 6.b). Finally proceeding to calculate the maximum von Mises effort.

Fixed support
Hydraulic load

(a) Fixed support on the turbine shaft (b) Load distribution on the blades
Fig. 6. Boundary conditions established for the structural analysis of the HAHKT
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2.2.4 Material

Given the high bending moments generated by the hydrodynamic forces on the turbine blades,
it is necessary to establish for these, materials that have good mechanical properties (stiffness
modulus, elastic modulus, high yield stress, among others). It should also be considered that the
material has a high resistance to erosion and corrosion, due to the wear that water currents can
cause on the blades when exposed for long periods of time in this type of environment [24] and more
considering that HAHKTSs can have a life cycle of more than 20 years [25]

Under these considerations and due to its good mechanical and chemical performance, this study
was carried out using a CA-6NM martensitic stainless steel, composed of 13% Cr and 4% Ni, as it is
widely used for the manufacture of hydraulic turbines due to its excellent mechanical properties,
such as its good resistance to corrosion and erosion by cavitation [26]. Some of the mechanical
properties of this material are presented in Table 3 according to commercial steel specifications [27],
which are used in the process of configuring the setup of the FEM simulation.

Table 3

Mesh metrics of the CFD analysis performed on the turbine with and without diffuser
Material Density \r:);dnugljs Poisson Ultimate Hardness Resistance Relative

(kg/m3) (GPa) coefficient stress (MPa) (HB) fatigue machinability (%)
Stainless 7700 206 0.288 560/950 220-320 Alta 90 [28]
steel
CA-6NM
3. Results

3.1 Comparison and Validation of Results

Despite the growing interest in the implementation of augmented diffusers in HAHKTSs, there are
no studies in the literature that apply an FSl analysis to these. Due to this and to compare and validate
the results obtained here, a qualitative comparison is made between different studies with the
objective to determine numerically the maximum stress and its location in HAHKTSs. For this, the
works carried out by Muiioz, Chiang, and De la Jara [29]; and Li, Hu, Chandrashekhara, Du, and Mishra
[30], were considered, in which they analysed by CFD analysis a HAHKT on a small and medium scale,
respectively.

Figure 7 presents some of the results obtained in the two studies that were taken as a reference
base for the comparative analysis and validation of the results obtained in this work, where the
critical position of the concentration of the supported stresses by the turbine blades is shown. Finding
that, both for the two reference cases and for the three models analysed (Figure 8), the greatest
stress achieved is given at the root of the blades, that is, in the area in which they join the cube. This
is mainly since, in this area, a pivot point is generated that must withstand the bending moments
caused by the stresses generated along the length of the blade, additionally torsional stresses occur
due to the difference in pressure on the blade face with respect to the pivot axis, as shown in Figure
7. On the other hand, the reduction of area that occurs in this sector may also influence, which can
be more easily evidenced in the models used in this study and the second case of comparison (Figure
11.b), due to the so-called phenomenon of stresses. These similarities at the structural level between
the analysed models and the two cases taken as a reference base allow determining a coherent
behaviour of the results obtained.
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(a) Mufioz et al., [29] (b) Li et al., [30]

(c) Present study
Fig. 7. Critical position of the concentration of the stresses supported by the turbine blade in the studies

In the same way, comparing the numerical results of the similar first generation turbine (without
diffuser) with the results reported by previous study [31], a difference of 0.57% is found for the Cp,
max at TSR of 5.2, which allows validating the computational model for the first generation turbine.
Once this case is validated, an acceptable degree of certainty is assumed for the Cp results for the
second and third generation turbines.

Figure 8 shows the pressure distribution generated by hydrodynamic forces on the profile of the
turbine blade without diffuser. The pressures include values between -3302 Pa and 1388 Pa. In the
figure, the area of greatest pressure (1388 Pa) is on the upper area of the blade, near the leading
edge of it, which is consistent because it is the region that comes into direct contact with the water
at first, presenting a subsequent decrease in pressure as it moves away from this edge. On the other
hand, the pressure difference presented on the upper face (upstream of the turbine) with respect to
the pivot axis, causes the blade to rotate on its support, which must be absorbed by the blade
clamping system. Additionally, there is a pressure difference between the upper and lower area of
the blade with positive and negative values, respectively, reflecting a pressure drop downstream of
the turbine that makes it possible to rotate. This behaviour is similar for all cases evaluated.
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Fig. 8. Distribution of pressures generated by hydrodynamic forces on the
profile of the hydrokinetic turbine blade without diffuser

Figure 9 shows a Von Mises equivalent stress contour to which the turbine blades are subjected
with and without a diffuser. The maximum von Mises stress values were 15.73 MPa; 13.2 MPa and
19.98 MPa, for the turbine without diffuser and with diffusers 1 and 2, respectively. In all cases, the
maximum stress supported by the blades is close to its root, specifically on the axis that connects
them to the hub. In this figure, an approach (right side) of the area of interest is shown, which shows
that, in all the cases analysed, the greatest stresses are found in this connection region. However,
the safety factor for the blade of the third-generation diffuser (diffuser 2) implementation is 27,
which guarantees the integrity of the blades before the effort exerted by the fluid.

A

4OV V-

(a) Without diffuser (1st generation)
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300003 M

(c) With diffuser 2 (3rd generation)
Fig. 9. von Mises stresses to which the turbine blades are subjected

Figure 10 shows the total deformation obtained in the structural analysis for the turbine with and
without diffuser. The maximal deformations in the blades were values 0.067 mm; 0.069 mm 0.107
mm, for the turbine without diffuser and with diffuser 1 and 2, respectively. The turbine with the
third-generation diffuser (diffuser 2) presents an increase of 59.7 and 55.1% of the total deformation
of the blade with respect to the deformation presented by the turbine without diffuser and with the
second-generation diffuser (diffuser 1), respectively. However, it is evident that the implementation
of some types of diffusers, especially when they are made up of devices located downstream of the
turbine, can increase the deformation of the blades, given that it is linked to the supported stresses,
the which in turn are affected by the increased pressures that this type of mechanism can bring about
at the hydrodynamic level. Even so, the maximum deformation presented by the material is relatively
low and does not represent a great influence on the structural integrity of the blade. This oversizing
is for the purpose of ensuring primarily design geometry. This result shows the feasibility of
manufacturing hollow blades, which allow to reduce the weight of the turbine, the costs of materials
and manufacturing processes, as well as the robustness of the different mechanical components such
as shafts, bearings, bolts, among others, which would allow increasing the efficiency of the turbine
by reducing the mechanical losses mainly associated with friction mechanisms between mechanical
components.
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(a) Without diffuser

A
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BEES

(b) With diffuser 1 (2d generation)

-‘
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(c) With diffuser 2 (3rd generation)
Fig. 10. Total deformation presented by the turbine blades: (a) without diffuser, (b)
with diffuser 1 and (c) with diff user 2

Figure 11 shows the variation of the power coefficient, Cp, and of the state of equivalent stresses
by von Mises to which the blades of the three analysed models of the HAHKT are subjected. They
comprise dimensionless values between 0.285 and 0.487, at TSR values 5.23 and 4.97, for the first
and third generation turbine respectively, and the stresses between 13.2 and 19.98 MPa for the
second and third generation models respectively. The results show a slight increase in the Cp for the
second-generation turbine with respect to the turbine without diffuser, which is because generated
by the mechanism downstream of the turbine by reducing recirculation and stagnation of water,
accelerating the fluid to leave this critical area more quickly, thus reducing its attempt to prevent the
rotor from turning correctly. In the same way, this second model also presents in relation to its
predecessor a slight drop in the stresses generated on the turbine blades, given that the profiled
diffuser channels the fluid upstream of the turbine, increasing the speed and decreasing, due to the
Bernoulli principle, the pressure in this area, which is reflected in the reduction of the stresses
supported by the blades. For its part, the third generation turbine shows an increase in Cp, which is
firstly due to what was previously stated for the increase of this coefficient in the second generation
turbine, given that this model is used as one of the two diffusers that make up this mechanism, and,
secondly, the diffuser located downstream of the turbine that generates a new acceleration on the
fluid that has passed through the turbine, allowing a better evacuation of the same, minimizing to a
greater extent the interference that generates the recirculating water on the rotation of the rotor,
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so the implementation of this device downstream of the turbine becomes the element that brings
the greatest benefit in relation to the reduction of losses associated with the phenomenon of
recirculation. Likewise, the suction generated by the second diffuser downstream of the turbine,
causes the blades to be subjected to a greater stress. It is also evident that, when using the third-
generation turbine, a similar trend of change can be found between the behaviour of the Cp curves
and the stresses supported, allowing to establish a proportional growth relationship between them.

-=-Power Coefficient —tStress
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0.490 - 18
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S 0420 15
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Fig. 11. Variation of the power coefficient (Cp) and of the equivalent
stress by von Mises present in the first, second and third generation
HAHKT

4. Conclusions

A structural analysis was used on the turbine, using the hydrodynamic loads obtained in the fluid-
dynamic simulation for the models with and without a diffuser, which allowed determining that the
maximum stresses supported by the blades did not exceed in any case the mechanical resistance of
the selected material (CA-6NM stainless steel), presenting deformations less than 0.107 mm, which
guarantees the structural integrity of the turbine when subjected to the operating conditions
established in this work. These results show an oversizing in the material used for this type of
mechanisms, for which the viability of manufacturing hollow blades is established, allowing to reduce
both the weight of the turbine, as well as the cost of materials and manufacturing processes, which
also leads to a decrease in friction between the mechanical components used in the transmission of
movement, thus allowing increased efficiency of the turbine.

The results obtained in the structural simulation reflect similar behaviours to those presented by
other authors [29-30], allowing greater reliability to the data found.
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