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Abstract

Objectives: To increase the hydrodynamic efficiency of horizontal axis hydrokinetic turbines from the implementation
of various geometric configurations of diffusers. Methods/Statistical Analysis: The turbine has a radius of 0.75 m and
it’s made up of three blades, they were designed using the hydrodynamic profile NREL S822. On the turbine a second and
third generation diffuser are also implemented. The simulation was developed in the ANSYS CFX18.2 program in transi-
tory regime, using a turbulence model k-¢, a water input speed of 1.5 m s and a variation of the angular velocity from
0 to 160 RPM. Include the method adapted to study the objectives/sampling details or simulation or statistical analysis
of data; technique employed; mention unique/important points of modification of methodology in the current study.
Mention about test samples the control employed or approach used for comparing the test sample. Findings: As a result,
the power coefficient (C) of the three generations of the hydrokinetic turbine was obtained, in addition to the velocity
profile of each model. Increase in velocities both upstream and downstream of the turbine were found for the third-
generation turbine, presenting values of 1.5 to 2.1 m s and 2.3 to 2.6 m s, respectively. The maximum power coefficient
(C, ..) reached by the first, second and third generation turbine was 0.285 at a TSR 0f 100, 0.296 ata TSR of 90 and 0.487
at a TSR of 95, respectively. This is equivalent to an increase of 41.5% and 39.2% of the C, of the third-generation model
with respect to the first and second-generation turbine, respectively and of 82.1% in relation to the Betz limit. Mention
your findings in the form of statements along with the conclusive data of statistical importance; Mention how your find-
ings are unique and novel; how your findings are in consensus with the existing values/reports or how different are they
from the already reported findings. Highlight how your results are helpful in adding more value to the existing reports.
Application/Improvements: The implementation of this type of turbines is aimed at the generation of electric power,
promoting in greater measure the distributed generation in isolated areas near water sources.
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1. Introduction

The hydrokinetic turbines emerge with the goal of using
the kinetic energy in marine currents, rivers, artificial
channels and others, without interrupting the water’s
natural flow, directly transforming it in mechanical
power!. Their great reception is due in large part to the
little infrastructural complexity they need for their oper-
ation, as they do not depend on large heights, presenting
low costs and implementation times, as well as minimal
environmental impacts with respect to conventional
power plants**.

*Author for correspondence

The first horizontal axis hydrokinetic turbine was
developed in 1987 by the research group of the Mechanical
Department of the University of Brasilia (UnB), for
which it received the qualification of first-generation
hydrokinetic turbine. This mechanism, capable of gener-
ating 1.5 kW under operating conditions of currents with
speeds of 2 m s, constituted by 2 blades and a diameter
of 0.8 m, was implemented to supply the electrical need
of a medical post in Correntina, BA3. Under the premise
that the main disadvantage of these devices compared to
conventional hydroelectric power plants is the low den-
sity of electrical energy that they can supply, different
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studies and improvements were made in order to increase
their efficiency and economic feasibility*. One of these
improvements was the implementation of a conical dif-
fuser, which was adapted from the results obtained in
wind turbines, using the great similarity between both
types of turbines. This device allows increasing the speed
of the fluid upstream of the turbine, from the decrease of
the pressure downstream of this, providing an increase in
the kinetic energy of the fluid, being reflected in a greater
efficiency. This development was classified as a second-
generation hydrokinetic turbine. At present, investigations
are done in order to improve the performance of these
mechanisms, giving way to a third-generation hydroki-
netic turbine. This new mechanism, formed by a profiled
casing that surrounds the turbine, which fulfills the
function of a first diffuser and a second cut-out diffuser
coupled in serial form to the casing Figure 1 can reach
hydraulic efficiencies close to 90% with respect to what is
established by the Betz limit. This increase is caused by an
existing opening at the radial level between the housing
and the diffuser, which generates an increase in the energy
of the fluid downstream of the turbine by conservation of
time within the study’s control volume, by allowing the
passage of the flow from the outside to the inside of the
mechanism, producing a drag force that helps to evacuate
the fluid that passes through the turbine towards the out-
let of the mechanism, reducing recirculation currents that
are associated with energy losses in the fluid®.

A similar study to this new conception of turbine of
third generation is made by% which had as main objective
to design a Pico-electric power system of little complexity,
economic and with the capacity of increasing the power of
any hydrokinetic turbine, both horizontal (HAWT) and
vertical (VAWT). Under this premise, they computation-
ally designed and analyzed two mechanisms, the first of
them with a rectangular throat section to house VAWT and
the other with a circular section for HAWT, both composed
of four components: 1. A convergent-divergent diffuser
that adopted the shape of a Venturi nozzle described by
the standard DIN EN ISO 5167-3: 2003, 2. A second dif-
fuser surrounding the first device, 3. The establishment
of a flange S at the outlet of the second diffuser and 4. A
divergent internal diffuser downstream of the turbine.
The integration of these improvements allowed increasing
in 2.25 and 2.33 times the speed of the flow for the first
and second models, respectively, representing for them an
increase of 11.4 and 12.7 times their power output.
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Figure 1. Hydrodynamic design of a hydrokinetic turbine
with horizontal axis and third generation diffuser. Own
source.

The objective of this study is to perform the hydro-
dynamic analysis by computational simulation of a
hydrokinetic turbine with horizontal axis of the first,
second and third generation, which seeks to increase the
efficiency of this type of technology and promote its use
as a source of renewable energy.

2. Theory

Hydrokinetic turbines and wind turbines have a very
similar design philosophy because they operate under
the same operating principles. The design of hydrokinetic
turbines with horizontal axis starts from the sizing of the
rotor, so its power [P] (Equation 1) is calculated as a func-
tion of the fluid’s density [p], the area swept by the blade
of the rotor (A=7R? where R is the radius of the turbine),
the fluid’s speed [V], the power coeflicient [Cp] and the
efficiency of the mechanism’s drive train [#] (gears, gen-
erator, and others), being considered in this work for the
latter a value of 70%, according to the literature®.

1
PzipﬂR2V3CP/7 (1)

The performance of the hydrokinetic turbine is char-
acterized by its power coeflicient [Cp] (Equation 2), that
represents the relation between the extracted power of the
current of water and the available power in the current
that goes through the area projected by the turbine. This
implies that the turbine cannot fully extract the contained
energy in the water flow, so the limit established by Betz
for this C is 0.593.
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This coefficient depends at the same time of the TSR
[A] (Tip Speed Relation). For this reason, the existing
relation between the speed of the blade in the tip and
the water current, has a big influence in the turbine’s
efficiency, being a fundamental factor that must be maxi-
mized to obtain the best possible power coeflicient and
optimize the extraction of the contained energy in these
currents®. This relation is defined through Equation 3.
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3. Methodology

The development of the three-dimensional models of the
hydrokinetic turbine of horizontal axis of first, second
and third generation, with their respective fluid volumes,
were carried out using the commercial program NX10.0
of Siemens. The three models are composed of a rotat-
ing volume and a stationary volume Figure 2, which were
established according to the work done by*-°.

The first model, known as the first-generation hydro-
kinetic turbine Figure 3a, has a radius of 0.75 m and
consists of an axis (also known as a cube) and three blades,
which were designed using the hydrodynamic profile
NREL $822, selected by its self-cleaning properties® and
an angle of attack of 5°. A geometric simplification is also
made to a third of the model, taking advantage of its geo-
metric and dynamic symmetry, to reduce computational
costs. The first-generation hydrokinetic turbines, as well
as the fluid volume dimensions, are presented in Figure 3,
where R denotes the radius of the turbine.

For the elaboration of the external fluid volume, it was
ensured that the wall effects do not affect the hydrody-
namic profile of the fluid, for which reason a distance of
1R was established in the longitudinal direction upstream
of the turbine (Figure 3b), according to what was estab-
lished by and 0.5R radially as shown in Figure 4.

The second model, denoted as a second-generation
hydrokinetic turbine, is composed of the same turbine
of the first-generation model, incorporating on it a pro-
filed diffuser (Figure 5a), which was designed using the
hydrodynamic profile NREL $822. The stationary vol-
ume (external fluid) of this model has a cylindrical shape,
while the rotating volume (internal fluid) conforms to
the internal shape of the diffuser. The dimensions of the
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fluid volumes are shown in Figure 5b and have higher
values than those used in the first generation model,
because the diffuser covers a larger area, besides consid-
ering that under the same flow conditions, the profile of
the boundary layer presented at the outlet of the diffuser,
is farther from the axis of the turbine, which is why a
stationary volume with greater proportions is necessary,
guaranteeing as it is recommended in the literature, that
the wall effects do not affect the flow.

The third and last model, known as the third-
generation hydrokinetic turbine, is formed, in addition to
the turbine of the first-generation model, by two coupled
devices Figure 6a. The first one is a profiled enclosure that
surrounds the rotor, which also fulfills the role of a first
diffuser, which was developed from the design parame-
ters of the diffuser used in the second-generation model,
to analyze its performance in this new configuration. The
second mechanism is a divergent diffuser that is coupled
to the outlet of the housing. The volume of stationary
fluid (external fluid) has a cylindrical shape, while the
rotary fluid adopts the same shape as the internal part of
the housing and the diffuser. These dimensions, for the
reasons mentioned in the previous model, have higher
values than those used for the first and second genera-
tion hydrokinetic turbines. The dimensions of the fluid
volume where the third-generation turbine is submerged
are presented in Figure 6b.

The fluid volumes of the first, second and third
generation hydrokinetic turbine were exported to
the commercial program ANSYS V18.2, in which the
domains and their regions of interest were defined and
the respective meshing process was performed. For the
three models, unstructured meshes formed mainly by tet-
rahedral elements were used, restructuring the mesh size
to 1 mm on the trailing edge of the blade profile. This was
to satisfy the Y + requirement of the turbulence model
used, in consideration of the release of the boundary
layer and instabilities in the fluid in this zone. For the
first-generation turbine, a proximity and curvature algo-
rithm was used, with a minimum mesh size of 5 mm, a
maximum face size of 10 mm and a maximum size of
tetrahedron of 20 mm. For the second-generation tur-
bine, a curvature algorithm was applied, with a minimum
mesh size of 35 mm, a maximum face of 45 mm and a
maximum tetrahedron size of 55 mm. For the third-
generation hydrokinetic turbine, a curvature algorithm
was implemented, with a minimum mesh size of 40 mm,
a maximum face size of 50 mm and a maximum tetrahe-
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dron size of 60 mm. These values were established from
the mesh independence study performed for each model.
The number of mesh nodes used was 3.66E + 06, 1.76E +
06 and 3.62E + 06, for the first, second and third genera-
tion hydrokinetic turbine, respectively.

Subsequently, the models were analyzed using a CFD
analysis (Computational Fluid Dynamics), in the CFX
module of the ANSYS V18.2 program. The three com-
putational models were configured in a transitory regime
characterized by a total time of 4 s for the first-generation
turbine and 6 s for the second and third generation mech-
anisms, seeking stability in the behavior of the fluid. A
step time of 1.0E-02 s was used for all cases, guaranteeing
maximum RMS values of 1.0E-04 in the conservation of
mass and momentum as the convergence criterion. Torque
monitors were established in the turbine shaft to deter-
mine the stability in its behavior, from the quantification
of its temporal variation and the verification of the tran-
sition from steady to stationary state in the operation of
the turbine, to guarantee a fully developed flow. Water at
room temperature was used as the working fluid, a turbu-
lence model k-¢, according to the studies carried out by2%,
the interface between the walls of the stationary and the
rotary volume was configured as “frozen rotor” based on
the study carried out by'2. A double precision study was set
to reduce numerical errors.

Diffuser Case Diffuser

T'Eile Rotary Volu“% Staﬁ;‘?l'y volg %

a) b) ©)

Figure 2. Fluid volume of the horizontal axis hydrokinetic
turbine: (a) first generation, (b) second generation and
(c) third generation diffuser. Own source.

Figure3. Firstgenerationhydrokineticturbine: (a) complete
model of the turbine and (b) geometric simplification to one
third of the model within its fluid volumes, dimensioned
according to the radius [R] of the turbine. Own source.
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Figure 4. Incidence of wall effects in the hydrodynamic
profile of the turbine blade. Own source,
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Figure 5. Second generation hydrokinetic turbine: (a)
diffuser, with its dimensions [mm] and (b) within the fluid
volumes, sized according to the radius [R] of the turbine.
Own source.

a)

Figure 6. Third-generation hydrokinetic turbine: (a) housing
and diffuser, with their dimensions [mm] and (b) within the
fluid volumes, sized according to the radius [R] of the turbine.
Own source.

4, Results and Discussions

Figure 7 shows the Power Coefficient [Cp] of the first,
second and third generation hydrokinetic turbine, as a
function of the TSR [A] (Tip Speed Ratio), with a TSR
interval between 0 and 160 with steps of 5. These results,
represented by point curves, show a parabolic behavior
of C, with respect to the variation of the TSR, which is
consistent with the numerical and experimental result
found in the literature for this type of turbines'-. The
maximum C, reached by the turbine of 1st, 2nd and 3rd
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Figure 7. Power Coeflicient [C ] as a function of the Point
Speed Ratio [A] of the first, second and third generation
horizontal axis hydrokinetic turbine blade. Own source.

generation is 0.285, 0.296 and 0.487, at a TSR of 100,
90 and 95, respectively. The second-generation turbine
presents an increase in C, of 3.7% compared to the first-
generation model, while the Third-generation turbine
shows an increase of 41.5% and 39.2% with respect to the
first and second generation. This represents an efficiency
of 82.1% of the latest generation turbine compared to that
established by the Betz limit.

Figure 8 shows the contours and velocity vectors
in the mean transverse section of the first, second and
third generation turbine blade (Figure 8a, Figure 8b and
Figure 8c, respectively), at a distance of 0.34 m measured
from the tip of the blade. The color scale of the veloc-
ity profile of the three models comprises values between
0 and 2.6 m s'. In all three cases, the speed presented
upstream of the turbine is higher than the speed that is
downstream of it, while the greater acceleration of the
fluid is generated in the lateral zones external to the
entrance and outlet edges of the hydrodynamic profile,
especially, downstream of this. There is also a release of
the boundary layer in the profile of the turbine blade,
because of the high inlet velocity of water. On the other
hand, the velocity vectors show a normal behavior of the
flow in the areas where there is no direct obstruction to
the passage of water by the blade, while in the middle
region downstream of this, where partial interruption
occurs of the fluid, a recirculation phenomenon is gen-
erated. These re-circulations, as well as the detachment
of the boundary layer, produce energy losses in these
mechanisms.

Figure 8 shows an increase in the speed at the inlet
of the third-generation turbine (Figure 8c) with speeds
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between 1.5 and 2.1 ms™, while the turbine of first and
second generation (Figure 8a and Figure 8b, respec-
tively) have lower values in the same areas with speeds
ranging between 1.5 and 1.8 ms™. There is evidence for
all cases indicating a decrease in the velocity of the fluid
both in the upper and lower regions where the profile
of the turbine blade is located, which is consistent given
the obstruction that is generated by the passage of water.
There is also an increase in speed downstream of the
blade, in areas where there is no direct impact of this,
where the speed is more homogeneous in the second and
third generation turbine, presenting higher speeds in the
latter model with values between 2.3 and 2.6 ms™, with
respect to the turbine of first and second generation that
reach values that oscillate between 1.8 and 2.1 ms™. The
speeds downstream of the profile show a greater stagna-
tion of water for the first-generation turbine, in addition
to presenting more homogeneous and concentrated
areas with values between 0 and 0.5 ms™, of which can
be seen that the area of greatest stagnation, where speeds
have zero, takes the form of a bell. While, the second and
third generation turbine present very similar results to
each other, with speeds ranging between 0 and 0.8 ms,
being in both cases that the lower speeds and therefore
the greater stagnation of water is presented in the area of
exit of the diffuser that surrounds the turbine, where it
can be observed also that this region takes the form of an
inverted bell, similar to that presented by the first gen-
eration mechanism, generating that the stagnant water
originates in greater proportion at a greater distance from
the profile of the blade and consequently, the losses are
smaller with respect to the first model.

Figure 9 shows the contours and velocity vectors [m s]
in the average cross section of the second and third genera-
tion turbine model (Figure 9a and Figure 9b, respectively).
These models were selected to carry out the comparison,
for presenting a higher power coefficient with respect to
the first-generation turbine, in addition to the geometric
similarities between both, by sharing the design of the
diffuser, also called casing in the model of the third-
generation turbine. The velocity profiles of both models
comprise a scale of values between 0 and 2.6 m s, where
the velocity presented upstream of the turbine is higher
than that found downstream of it and the greater acceler-
ation of the fluid is generated in the external lateral zones
of the inlet and outlet edges of the hydrodynamic pro-
file, especially downstream of this. Figure 9b shows that
the opening between the casing and the diffuser (area of
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interest) allows the external fluid to enter the mechanism,
increasing the speed of the water inside it downstream,
from 1.5 ms* to 2.1 ms’, reducing the recirculation of
fluid at the trailing edge of the casing profile, also help-
ing to have greater control and better performance by
avoiding the release of boundary layer in this area, as pro-
posed in the study of. This increase in the speed of the
fluid provides a greater thrust of the flow downstream of
the third-generation turbine with respect to the second-
generation model, allowing evacuating the water held
there or re-circulating. While the second-generation tur-
bine (Figure 9a), presents in the same area of interest,
speeds between 1.5 and 1.8 m s™".

There are not enough studies in the literature related
to the implementation of third generation diffusers
in hydrokinetic turbines, which are necessary to per-
form a qualitative validation of the results obtained.
The study developed by’ shows a great similarity with
respect to the objective of the present work, which pro-
pose a similar mechanism, that differs basically in the
use of a third diffuser downstream of the turbine of the
model in comparison. The mechanism proposed by the
authors, with their respective components, is presented
in Figure 10.

In their study’ used a fluid input velocity of 1.2 m s™,
which increased until reaching average speeds of 1.9 m s™
downstream of the turbine by implementing the first con-
vergent diffuser-divergent (1), equivalent to an increase
in speed of 36.8%. This improvement is similar to the
second-generation turbine (Figure 5a) proposed in this
work, with which, based on the average fluid velocity of
1.5 m s, average speeds of 1.9 m s™' were obtained in this
same area, representing an increase in speed of 21.1%.

Velocity [ms*-1] Velocity

This shows that the model proposed by’ exceeds by 42.7%
the average speed produced compared to the second-
generation turbine. This may be due to the geometry of
the diffuser, especially when having a completely circular
throat, as presented by?, which propose a diffuser with a
completely circular throat and a divergent exit, finding an
increase of 310% of the power generated by the turbine,
while the second-generation turbine proposed in this
study showed a 4% increase in the power generated by the
turbine without this device.

The improvements (2) and (3) raised by for its
increased diffuser, allowed him to obtain average speeds
downstream of the turbine 2.6 ms™, equivalent to an
increase in the speed of 58.3 % in relation to the initial
fluid velocity of 1.2 ms™. This improvement is similar to
the third-generation turbine (Figure 6a) proposed in this
study, with which average speeds of 2.5 ms™ were reached
downstream of the turbine, representing an increase in
speed of 40.0% with respect to the initial fluid velocity of
1.5 ms™. Therefore, the increase presented in the speed
by the model proposed by”is 31.4% higher than that gen-
erated by the third-generation hydrokinetic turbine. The
difference in the speed increases found in this work and
in the mechanism proposed’ can be linked mainly to two
factors, the first one based on the geometric differences
that the diffusers of both models present and the second is
about not taking into account the turbine at the moment
of hydro dynamically analyzing the device proposed by?,
which does not quantify the loss of energy that comes
with the interaction between the fluid and the rotor. An
important factor to increase the efficiency of this kind
of turbines is shown in this study; to increase the speed
downstream of the rotor, to reduce the areas of stagnation

[m sh-1] Velocity [ms™1]
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Figure 8.
generation. Own source.
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Figure 9. Contour and velocity vectors [m s'] in the
average cross section of the turbine model of: a) second and
b) third generation. Own source.

Figure 10. Section view of the final configuration. (1) Main
Venturi nozzle - (2) Secondary diffuser R - (3) Flange S -
(4) Internal diffuser DDi’.

and recirculation of the fluid, also demonstrating that the
integration of two or more diffusers is a very promising
option, allowing in both cases to increase the power coef-
ficient [Cp] of hydrokinetic turbines with values higher
than 0.4.

5. Conclusions

Of the analyzed models, the third-generation hydro-
kinetic turbine shows a better performance and a great
superiority, presenting an increase in the Cp of 41.5%
and 39.2% with respect to the turbine of first and second
generation, respectively. Representing an efficiency of the
turbine of 82.1% in comparison to that established by the
Betz limit, in turn agrees with that stipulated where they
state that this type of mechanism can achieve efficiency
close to 90%.

The second-generation turbine has an increase in
the Cp of 3.7% compared to the first-generation model,
which shows that the implementation of diffusers allows
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increasing the efliciency of hydrokinetic turbines. Despite
this, the increase is not significant if it is compared with
the results obtained from the third-generation turbine,
considering that this device was used as a casing, reflect-
ing that there is a wide field of research with respect to
various improvements or modifications that could be
made on this type of mechanisms.

The efficiency of hydrokinetic turbines can increase
greatly with the acceleration of the fluid downstream of
them, finding that the implementation of third-generation
mechanisms, where the integration of various diffusers
is promoted, fulfills the function of a speed multiplier
in these zones, reaching promising results. The third-
generation turbine provides greater use of the available
water resources, reaching speeds ranging from 1.5 to
2.1 ms?, and 2.3 to 2.6 m s upstream and downstream
of the turbine, respectively. Finding that the opening
between the casing and the diffuser allows the external
fluid to enter the mechanism, inducing an increase in the
speed downstream of the turbine from 1.5 to 2.1 m s*,
representing an increase in speed of 28.6%, with which
the stagnation and the recirculation of the fluid in this
zone is diminished, and in turn reflected in the decrease
of energy losses of the model.
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