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H-Darrieus hydrokinetic turbines are an alternative for small hydroelectric plants. These
turbines are considered to have a low environmental impact as they do not require reservoirs.
However, they have limited self-starting capacity, which limits their use. Nevertheless, the
configuration of passive mechanisms in the H-Darrieus turbines affects their performance, as
they tend to increase the flow velocity. This study is part of a project with the aim to design
and build a turbine to generate energy in the Colombian river scenario in non-interconnected
zones. The objective of this study is to analyze the performance through numerical simulations
of four H-Darrieus rotors to be configured with passive improvement mechanisms. The study
was conducted using ANSYS® Fluent software, employing transient, two-dimensional models
under constant operating conditions. Overlapping meshes were used for the stationary and
rotating domain configuration. The results show that increased solidity leads to decreased tip
speed ranges and increased maximum rotor power. Improvement in the self-starting capability
was found with passive mechanisms employing a diffuser geometry. Among the tested config-
urations, the rotor configured with a Venturi-shaped mechanism achieved a remarkable 660%
improvement in the power coefficient compared to configurations without such mechanisms.

Keywords: renewable energy; H-Darrieus rotor; hydrokinetics; diffusers; computational fluids
dynamics (CFD); external accessories.
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1. INTRODUCTION

Improving renewable energy production systems is becoming increasingly im-
portant to meet global electricity demand. Currently, hydropower is the largest
renewable energy source in the world, satisfying about 60% of all renewable en-
ergy globally [1]. Within this category of electrical installations are the small
hydroelectric power plants (SHPPs), which are environmentally friendly sources
of energy [2]. They require less engineering work and cost than the ones used for
large power plants, making them ideal for rural electrification projects. Among
the turbines used in SHPPs are hydrokinetic turbines that operate on the same
operating principle as wind turbines [3, 4], but they harness the natural wa-
ter currents to generate electrical energy. They are considered a viable option
with low environmental impact [5] because they operate under zero head condi-
tions. However, in countries such as Colombia, which possess great hydrological
potential and have enormous needs in non-interconnected zones (ZNI), limited
research and development of pilot projects using hydrokinetic technology have
been reported [6].

One of the most common hydrokinetic turbines is the H-Darrieus turbine
(HDT), which can be considered a viable option for hydrogenation [7, 8], be-
cause it can operate in rivers with varying ranges of velocities [9]. The blade
geometry of an HDT is a critical characteristic greatly influencing the tur-
bine’s performance, due to the pressure forces that develop when it is subjected
to incident flow. The lift forces on each blade contribute to the positive ro-
tor torque, which is then transferred to the generator through the main shaft
and other drive train components. Additionally, the number of blades is a fun-
damental parameter because it is directly related to solidity [10], and it has
a big impact on the overall dynamic behavior of HDTs [11]. While two blades
offer the highest efficiency, they also result in a higher negative torque coeffi-
cient [12-14]. This is why it is better to implement three blades, as it offers
greater cyclic stability [15]. Solidity is a fundamental parameter that deter-
mines the geometry of HDTs and considerably influences their behavior [16].
For example, turbines with low solidity have better self-starting capacity [17].
Also, the point of maximum efficiency in the power coefficient (C}) vs. tip speed
ratio (TSR) curve of an HDT is decreased by increasing solidity having an
impact on the operating range [18, 19]. Despite all the geometric parameters
that have been evaluated to improve the efficiency of HDT, its self-starting ca-
pacity tends to be low. For this very reason, external assistance is needed to
improve its performance. Therefore, several authors have studied the HDT con-
figurations with external accessories, such as plates, nozzles, blades, diffusers,
and area reductions in the channels to increase efficiency and reduce negative
torque.
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For example, GOSSELIN et al. determined that blade arrangement with plates
at the end minimizes efficiency losses [20]. Additionally, KUMAR et al. [21] stud-
ied a turbine with a double rotor and determined that this configuration offers
improved self-starting, providing an initial torque advantage, but lowering the
efficiency concerning the TSR and increased manufacturing and maintenance
costs due to the additional rotor. At the same time, SHIMOKAWA et al. [22]
configured an H-Darrieus hydrokinetic turbine with an inlet nozzle of varying ¢
depths depending on the flow. In addition, they determined that this implanta-
tion increased efficiency, although this depended on the flow level. In the same
way, HASHEM et al. [23] numerically evaluated 24 profiles and one HDT in con-
figuration with different channel geometries. The S1046 profile exhibited a bet-
ter performance, and the channels increased the power factor compared to 2D
models without wind-lens. Similarly, TUNIO et al. [24] configured an H-Darrieus
hydrokinetic turbine in a duct with area reduction, which increased the power
output by 112% for the non-duct configuration.

In addition, PATEL et al. [25] conducted an experimental study with an
H-Darrieus hydrokinetic turbine configured with a blocking plate, and it was
concluded that the plate configuration directly impacts the performance. On the
other hand, JANON [26] developed a three-dimensional numerical study using
MATLAB and Visual Basic for an H-Darrieus hydrokinetic turbine with two
rotors of NACA 0018 type profile arranged in series that have a gear mechanism.
The study concluded that the configuration with four blades on each rotor at
an offset angle of 45° yielded the best results. Based on the literature, it is
evident that the use of passive mechanisms such as external accessories in the
H-Darrieus hydrokinetic turbines increases efficiency. Likewise, it is necessary
to evaluate different T'SRs to find the maximum efficiency point.

For the reasons mentioned above, the objective of this study is to evalu-
ate and numerically compare the impact of external accessories on the perfor-
mance of four H-Darrieus hydrokinetic turbines with symmetrical profile type
NACA 0018. The mentioned accessories consist of a blocking plate and three
area reduction ducts with different geometries. Each case was configured with
solidities of 1.0, 1.35, and 1.79. The numerical study was developed via Flu-
ent simulation. The remainder of the study is divided in three parts. The first
section describes the operational principles of the turbine and the research pro-
cedure. In the second section, the results of the torque coefficient and power
coefficient of the turbines are analyzed and discussed. The last section presents
the conclusions of the research.

2. METHODOLOGY

To study the hydrodynamic behavior of HDTs using CFD techniques, it is
necessary to consider the mathematical expressions that describe the behavior of
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these turbines. Once the most important parameters were established, a CFD
simulation was performed using ANSYS® 2022R1. The mathematical model
that describes the turbine design is presented below.

2.1. Operating principles

As the design of H-Darrieus hydrokinetic turbines is analogous to that of
wind turbines, the available energy P, in the water is estimated using Eq. (2.1):

1
(2.1) Pw:§pAU3,

where p is the density, A is the projected area of the rotor, and U is the water
velocity. The turbines do not have the capacity to extract all the available energy
from the water. So, it is necessary to consider the power coefficient C), to estimate
the fraction of power that is extracted by the axis in an interval of a water stream
passing through the cross-section A of the rotor [27]

(2.2) Pr = 0.5pAU3C,,.

Likewise, Pr is the output power of the H-Darrieus turbine that can be
calculated using the equation:

(2.3) Pr="Tw,

where T is the turbine shaft’s torque and w is the angular velocity. On the other
hand, if we isolate C), from Eq. (2.2), we obtain the power coefficient:

Pr
P,

Usually, the most important parameters in HDT investigations are the power
coefficient C), and the torque coefficient C;. These coefficients establish the re-

lationship between the mechanical power output Pr and the torque of force T'
on the turbine shaft:

(2.4) Cp =

Pr
2.5 Cp=——,
( ) p %pAUz)’

T
2.6 Cp = ——.
(2.6) t %pAUQ

Additionally, the rotor solidity o is a fundamental parameter for defining the
vertical axis turbine geometry because this parameter compares the number of
blades N and their dimensions (chord length ¢) with respect to the turbine’s
rotation radius R, and this can be calculated as follows:

Nc
2.7 = —.
(2.7) =7
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2.2. Turbine design

Five simplified 2D models were designed in the SpaceClaim module of
ANSYS® 2022, where each model has a rotor with three blades and one back-
ground grid. The blades employ a NACA 0018 profile with solidities of 1.0, 1.35,
and 1.79. The rotor is represented by a circumference, and four background
grids were designed to represent the water channel with passive mechanisms. In
addition, a turbine without mechanisms (the baseline case) was designed. In this
way, it is possible to compare the variety of the torque and power coefficient in
cases with mechanisms with respect to the baseline case. The dimensions of the
water channel are shown in Fig. la, while Fig. 1b shows the design parameters
of the rotor and the passive mechanisms.

//// 36m

a)

10.211 m

:1:0.45 m

FiG. 1. General dimensions of the configured models (own source): a) background grid dimen-
sions for the baseline case, b) rotor dimensions and passive mechanisms: 1) rotor and blocking
plate, 2) curve, 3) cycloidal, 4) flat plate.
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2.3. Discretization and numerical method

Once the design of the rotors was completed, the discretization was per-
formed in the ICEM CFD module of ANSYS® 2022. The turbine flow was
considered turbulent to capture the inertial forces and viscous forces responsi-
ble for hydraulic losses [28]. Inflation was only applied to the blade walls, as
these are the components of the system where the highest velocities occur.

Figure 2a shows the rotor meshes configured as a rotating domain. Figure 2b
shows the blade discretization with mesh transformation applied for each blade
position. Additionally, the blades are configured as a rotating domain due to
their relative motion with the rotor. It is possible to identify the inflation per-
formed on the blade walls, with a growth rate of 1.2. Moreover, Fig. 2c illustrates
standard background grid, which corresponds to the stationary domain of the
model, with refinement in the part where the rotating domain is located. Fig-
ure 2d shows all overlapping meshes in the baseline case. The mesh metrics are
compiled in Table 1, and fall within the acceptable ranges as recommended by
the ANSYS user manuals [29].

a) b)
219
Y+
Mesh refinement
c) d)

F1G. 2. Discretization of control surfaces (own source): a) rotor mesh, b) blade mesh, c) baseline
background mesh, d) assembly by overlapping method.

To achieve mesh independence, five meshes with elements between 88E3
to 163E5 were used, the convergence criterion selected was efficiency, and the
baseline case, with a solidity of 1.79 and a TSR of 1.5, was selected to carry out
the mesh independence study.

The simulation is carried out using the commercial simulation tool Fluent
from ANSYS® 2022. Boundary conditions are configured as shown in Fig. 3. An
inlet velocity of 1 m/s is configured, with atmospheric pressure at the outlet.
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Table 1. Mesh details and metrics (own source).

Components | Number of elements | Min. determinant 2 x 2 x 2 | Max. aspect ratio

Blade ¢ 1.79 8990 0.995 56.30
Blade o 1.35 16 558 0.485 96.00
Blade ¢ 1.0 15484 0.31 91.00
Rotor 57321 0.948 3.07
Baseline 57 882 1.000 2.18
Curve 26 658 0.931 21.40
Cycloidal 23 615 0.883 10.40
Flat plate 16 539 0.981 42.70
Blocking plate 47690 1.000 2.08
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F1a. 3. Baseline model boundary conditions (own source).

On the other hand, the blade walls of the blades and the channel walls are set
without slip to represent the rotor surfaces. Since the meshes overlap, interfaces
are shared through the “overset” method, which allows for better control over
the behavior of each domain [30].

The total simulation time for all cases is 10 s with a time step of 0.005 s and
2000 iterations. The control variables are C), and Cr, which display a harmonic
behavior once the simulation is stabilized. Table 2 summarizes the conditions
configured in the simulations.

Table 2. Boundary conditions employed in the present study (own source).

Parameter Value
Type of simulation Transient
Turbulence model k — € realizable

Angular velocity 2.22 to 10 rad/s
Temperature 25°C
Pressure 1 atm
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In the present study, the k — ¢ realizable turbulence model was used because
of its correct prediction of turbine behavior and its reasonable computational
cost in comparison to other turbulence models available in the solver [28, 31-34].
The transport equations for £ and ¢ in this turbulence model are given by the
following equations [35]:

0 0 0 e\ Ok
2. — — )= — =)= —pe =Y,
(2.8) 8t(pk> + oz, (pkU ;) o [(wr ak) axj] + Gy + Gy — pe — Yy + Sk,

) ) 9 u\ Oe
(2.9) a(ﬂé‘) + o, (peUj) = oz, KM + U) 83:]} + pC1 5

)

52 82
- P027k = + Cla;C&EGb + St

where
(2.10) ¢ = max [0.437715} :

k
2.11 = 5=
(2.11) n=>5
(2.12) S = /25i35ij,

where Gy, is the generation of turbulence kinetic energy caused by velocity gradi-
ents, Gy is the generation of turbulence kinetic energy due to buoyancy. Further-
more, Yy, is the contribution of fluctuating diffusion in compressible turbulence
to the overall dissipation rate, o5, and o, are the turbulent Prandtl numbers for
k and €, respectively, and S, and S. are user-defined source terms.

3. RESULTS AND DISCUSSION

Various parameters can be evaluated in the performance of HDT's. However,
this work focuses on examining the behavior of the net moment coefficient for
each configured turbine and the development of the power coefficient at vari-
ous TSRs.

Figure 4 represents the mesh independence study carried out with the base-
line case with a TSR of 1.5. The mesh selection criterion used is that the dif-
ference in results must be less than 5% with respect to the previous mesh, thus
ensuring that the number of elements does not affect the results [36, 37]. The se-
lected mesh contains 133E3 elements, with a difference of less than 2% compared
the following meshes.
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F1a. 4. Mesh independence study (own source).

3.1. Effect of accessories on Cy

Figure 5 shows the variation of the total C; in one revolution for each of the
configured cases (solidities of 1.0, 1.35, and 1.79) at a TSR of 2.5. A dotted line
indicating zero, helps marking when the C} is positive or negative. Figure 5a
shows that the baseline ¢ 1.0 case exhibits an atypical behavior compared to
the other baseline cases. Conversely, the other configurations demonstrate oscil-
lations along the positive and negative y-axis (except for the cycloidal case). In
Fig. 5b, the cases exhibit a stable behavior and remain mostly in the entire area
of the curve in the positive y-axis. In Fig. 5c, the cycloidal and curve cases show
large fluctuations, while the other cases exhibit greater stability along the com-
plete turn. It is evident that these cases display more irregularities in behavior
of the different cases with respect to their counterparts with different solidities.
In general, the best performing cases are the configurations with flat plate and
curve, which always remain in the positive y-axis.

By examining the behavior of the total C; in the simulations, it is possible
to eliminate some passive mechanisms for low efficiency. In Fig. 6, cases with
better performance are observed. These cases have their operating areas in the
positive y-axis, which indicates that the net power is positive. The maximum C}
is achieved by the flat plate case, with solidities of 1.79 and 1.35, respectively.

Table 3 shows the results obtained numerically for each of the cases proposed
at a TSR of 2.5, including the average C; and C),. It is evident that the cases with
the best efficiencies also correspond to the best C;. When C} is negative, the net
power is also negative, which translates into inefficiency. This also indicates that
these passive mechanisms are not useful, although most of them present higher
efficiency percentages concerning the baseline case. The best case is the flat
plate configuration with an efficiency of approximately 118%, and the increased
factor for the baseline case equal to 7.713. The improvement by implementing
passive mechanisms is remarkable, and this is consistent with that reported by
HASHEM et al. [23], where an increase of C), from 0.34 to 1.36 was achieved for an
HDT configured with an external accessory. However, it should be noted that,



962

Torque coefficient [-]

A.J. GUEVARA-MUNOZ et al.

—~e-Baseline —+Blocking plate —Cycloidal —--Flatplate -=-Curve 1.0

-0.12 + + + . . . . . . . . ]
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth angle [°]
b) 0.325 —o—Baseline —+—Blocking plate —Cycloidal —--Flat plate -=-Curve
0.295 4
0.265
0.235 4
7 0.205 A
3
2
=
L
I3
S
]
£
&
-0.035 . . . r . . . . . . .
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth angle [°]
C) 0.34 4 ——Baseline ——Blocking plate  —Cycloidal —--Flat plate —=—Curve
~N\ AN
0.31 A Vas VAR A
7 \ 7 '\‘ JA
0.28 VAR i \ I
Yi \ 7 i ! i
0.25 / ! / i ! i
7 ! ! i ! i
2022 A ." |'\ /'l .‘. I’I “.
2 "\ 7 I [N 1 \
8 0.19 4/ ! ) 7 Vi Y \
2 VN v s v '
3 0.16 - \ L \
o o
3 0.13 A
Z
= 0.1
0.07
0.04
001 ¥7 AN L AN AN
-0.02 T T T T T T T 7 T T T ]
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth angle [°]

F1G. 5. Variation of total C; in all cases (own source):
a) solidity 1.0, b) solidity 1.35, c¢) solidity 1.79.
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F1G. 6. Best variation of total C; (own source).

Table 3. Comparison of numerical results. TSR 2.5 (own source).

Solidit . Cm Average torque Power C Efficienc
b | Configuration | 1 Nom) W | ] ol

Baseline 0.0179 10.967 60.869 | 0.136 13.567

1.0 Flat plate 0.1337 81.888 454.481 | 1.013 101.300
Curve 0.1352 82.825 459.676 1.025 102.458

Baseline 0.020 12.349 68.611 0.153 15.293

1.35 Flat plate 0.156 95.254 529.230 | 1.180 117.960
Curve 0.110 67.469 374.856 | 0.836 83.552

Baseline 0.007 4.358 24.215 | 0.054 5.397

1.79 Flat plate 0.139 85.179 473.253 | 1.055 105.484
Curve 0.078 47.784 265.489 | 0.592 59.175

although the design of the accessories was emulated, in their study the authors
changed parameters such as profiles and inlet velocity, and the working fluid was
air. Similarly, PATEL et al. [38] implemented a blocking plate on the periphery
of an H-Darrieus hydrokinetic turbine obtaining an increase in C), from 0.125 to
0.35 with a rotor diameter of 0.265 m.

3.2. Effect of accessories on C)

The behavior of the power coefficient C), versus TSR is typically a parabolic
curve, indicating a range of TSR where maximum efficiency is achieved. Accord-
ing to MOHAMED et al. [18], increasing the solidity results in the maximum C,
obtained at lower TSR. This behavior is illustrated in Fig. 7 where C), versus
TSR for all cases is observed. The flat plate and curve cases present the max-
imum C), because these passive mechanisms are more intrusive and increase
mass flow and fluid velocity. Increasing the velocity, the rotor may extract more
kinetic energy from the system, improving the efficiency. The implementation of
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F1G. 7. Performance of all cases at different TSRs (own source):
a) solidity 1.0, b) solidity 1.35, ¢) solidity 1.79.

the passive mechanisms produces maximum C), that exceeds the Betz limit. This
is because these mechanisms cause the mass flow to increase, which accelerates
the fluid inside the turbine and decreases the pressure [39-41].

Table 4 shows the maximum C), for all the configurations evaluated nu-
merically. It clearly demonstrates the improvement of H-Darrieus hydrokinetic
turbines when configured with passive mechanisms. For all solidities, the flat
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Table 4. Best C), in all cases (own source).

Configuration Cp,max Configuration Cp,max Configuration Cp,max
solidity 1.0 [ solidity 1.35 [] solidity 1.79 [
Baseline 0.207 Baseline 0.392 Baseline 0.427
Curve 1.079 Curve 0.835 Curve 0.895
Cycloidal 0.920 Cycloidal 0.614 Cycloidal 0.565
Flat plate 1.576 Flat plate 1.180 Flat plate 1.280
Blocking plate 0.397 Blocking plate 0.387 Blocking plate 0.456

plate and curve passive mechanisms achieved the best performance, with an im-
provement of 660% and 420%, respectively, compared to the baseline o 1.0 case.
However, the baseline ¢ 1.0 case obtained the worst performance, in comparison
to the other cases. In most cases, there is no linear behavior in the improvement
of C,, with increasing or decreasing solidity.

The present study surpasses the power augmentation factor (PAF) reported
by HASHEM et al. [23] with a maximum PAF of 3.9 for an HDT configured with
a Venturi-shaped attachment as one of the cases studied in this research (flat
plate case). These differences in PAF can be attributed to variations in inlet
conditions, type of fluid, and blade profile implemented in their study, which
differ from the simulations carried out in this study.

Figure 8 shows the velocity contour of the flat plate case with the TSR where
the highest efficiency was achieved. When the solidity is 1.0, the velocities de-

a)
6.8 5.1 34 1.7 0
[ ) ]
Velocity contour [m /s]
b)

6.8 5.1 3.4 1.7 0
| i B |
Velocity contour [m /s]

F1a. 8. Velocity flat plate cases (own source): a) solidity 1.0, 3.0 TSR, b) solidity 1.79, 2.0 TSR.
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veloped inside are higher compared to those developed when the solidity is 1.79.
This is particularly evident in the internal wake of the blades where the magni-
tude of velocity differs. The lower the solidity, the easier it is to extract kinetic
energy from the system.

4. CONCLUDING REMARKS

A numerical comparison was conducted for five H-Darrieus rotors with a sym-
metric NACA 0018 profile and solidities of 1.0, 1.35, and 1.79, each configured
with four passive mechanisms located at the rotor’s periphery. This study was
carried out using ANSYS Fluent® 2022R1. The results can be summarized as
follows:

e The performance of the H-Darrieus rotor improves by implementing pas-
sive mechanisms. The presence of these passive mechanisms affects both
the power and the TSR.

e The H-Darrieus rotor configuration with passive mechanisms in diffuser
geometry improves the self-starting capability due to increased positive
torque.

e Among the four passive mechanisms implemented, the flat plate case with
solidity of 1.0 presented the best performance, with a percentage improve-
ment of 660% concerning the baseline o 1.0 case.

e For future work, it is necessary to carry out the experimental validation
of the different models proposed, especially for the baseline case and the
flat plate case.
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