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The use of H-Darrieus Hydrokinetic Turbines (HDHTS) is a viable alternative to small
hydropower plants. They are recognized for their low environmental impact since they
operate without requiring water dams, though they have limited automatic start-up
capability. However, through the proper configuration or external accessories, they can
increase or decrease their performance because of the blade velocity and pressure. The
objective of this study is to evaluate and compare the moment coefficient and power
coefficient generated by two configurations of H-Darrieus turbines using DoE-ANOVA
and CFD simulations to obtain experimental solutions. The simulation was performed
in 2D in a transient state. The DoE-ANOVA results show that the factors of solidity and
blocking plate position are significant and directly affect the turbine performance,
showing that the most significant factor is solidity. In addition, it was found that the
best configuration is solidity 1.35 with case C (blocking plate at 0.665 m), similarly, it
produces an improvement of the maximum and minimum moment coefficient of 10.6%

and 20% respectively compared to the base case (case A).

1. INTRODUCTION

Due to the high global energy demand and the

environmental awareness that has been acquired over the years.

The study of renewable energies plays a very important role in
society and its accelerated development leads to the
expectation that hydro power will account for 16% of global
electricity production by 2025, according to the International
Energy Agency (IEA) [1]. In Latin American countries like
Colombia, the great diversity of their natural resources has
allowed them to obtain energy from renewable sources, mainly
from hydroelectric plants due to their high power, efficiency,
cleanliness and lower generation costs [2]. Nevertheless, in
Third World countries there are isolated geographical areas
where a difficult access prevents the coverage of the national
electricity system, which means that not all people have
electricity supply [3]. Due to this situation, some communities
have chosen to use renewable energy such as Small
Hydroelectric Power Plants (HPP) [4] that need less
construction space, lower cost and are a source of energy
capable of protecting the environment [5]. Within the HPP are
the H-Darrieus turbines, which are hydraulic systems that
operate with the natural current of the river, are economical
and do not require considerable civil works for their
construction [6, 7]. However, hydrokynetic turbines presents
challenges in their design due to the fact that each installation
site requires a different design focused on the type and size of
the blades, and the turbine radius. And the fact that in some
rivers it is not possible to obtain adequate operating flow

velocities, it is necessary to make adjustments to improve the
harnessing of energy.

H-Darrieus Hydrokinetic Turbines (HDHTSs) are composed
of three primary elements: the central shaft, the support arms,
and the blades. The central shaft transmits the kinetic energy
harvested from the fluid to an electric generator, while the
support arms hold the blades, which are activated by their
interaction with the fluid. This interaction is influenced by the
geometric characteristics of the blades positioned on the
periphery [8]. Solidity, a key parameter that determines the
HDHTSs' geometry, greatly affects their behavior [9, 10]. For
instance, turbines with low solidity exhibit better self-starting
capabilities [11]. Additionally, increasing solidity shifts and
narrows the maximum efficiency point on the Power
Coefficient (C,) vs Tip Speed Ratio (TSR) curve [12]. These
turbines generally have low self-starting capacity, prompting
various authors to evaluate numerically and experimentally
with external accessories like plates, blades, or diffusers to
enhance efficiency, self-starting capacity [13], and reduce
negative momentum [14-17]. For example, Gosselin et al. [18]
in found that blade configurations with end plates limit
efficiency losses. Moreover, Patel et al. [19] conducted an
experimental study on a HDHT with a blocking plate
configuration, concluding that this setup directly impacts
performance.

To make a correct design of a HDHT, various numerical
studies must be realized, departing from the analysis of the
zone where it will be installed, made the analysis to prove
different characteristics to find the most efficient configuration
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and dimensions of the turbine. This design process is
commonly developed in simulation spaces where exists a high
computational cost due to the complexity of the geometry and
the multiples items which are related to that. The Design of
Experiment has gained popularity in recent years due to its
ability to significantly reduce the number of simulations
required to identify the optimal solution. Such is the case
presented by Rueda-Bayona et al. [20], where the Design of
Experiment (DoE) and Analysis of Variance (ANOVA)
methods were conducted to optimize a hydrokinetic turbine for
low velocity conditions. To validate and construct the data,
Computational Fluid Dynamics (CFD) simulations were
carried out to evaluate each condition. On the other hand,
specialized literature studies can be found where the DoE
analysis is implemented for other types of turbines such as
Francis turbine [21], and variable geometry turbocharger [22]
where the importance of the design of experiments as a
valuable tool to minimize the number of experiments to found
an adequate solution is highlighted.

It is for the above that in this paper a general DoE-ANOVA
is carried out, to analyze the impact of solidity and the use of
a blocking plate. Using two different solidities (1.35 and 1.79)
and the blocking plate at two different distances. To validate
the methodology implemented CFD simulations were used
and the addition of a case base as reported by Patel et al. [19],
where the two different H-Darrieus rotors are modeled with
symmetric NACA 0018 profiles. The null hypothesis planted
for this study is that the change of solidity and the addition of
a blocking plate does not improve the power coefficient. The
objective of this work is to demonstrate that by means of the
use of a Design of Experiment along with CFD simulation, it
is possible to evaluate the performance of hydrokinetic
turbines with a reduction in the computational cost, due to the
reduction of analysis points, which reduces the amount of
simulations that must be performed to obtain an adequate
solution to the design problems of this type of turbines.

2. METHODOLOGY
2.1 Theoretical framework

Available kinetic energy Pr in the water is estimated using
Eq. (1) [23]:

P. 1AU3
T—ZP

(1
where, p is the density, 4 is the projected rotor area, and U
represents the free flow velocity. As the turbines do not have
the capacity to extract all the available energy from the water,
it is necessary to consider the power coefficient Cp, to estimate
the power that is extracted by the shaft in an interval of a water
current that passes through the cross-section 4 of the rotor [24],
as shown in Eq. (2).

1
Pextracted = CP [E pAU 3) (2)

Solving Cp from Egs. (1) and (2) gives the power coefficient
as:

Pr

CP= 3
Ly G
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where, Pris the mechanical power, where M is the momentum
and o the angular velocity of the turbine shaft. Additionally,
the moment coefficient C,, is the amount of mechanical energy
that can be obtained from the turbine per unit of kinetic energy
of the water passing through it.

M
CM=

4
%pAUZ “4)

Another dimensionless parameter is the solidity ¢ which
describes the relationship between the front surface of the
blades and the surface of the rotor disk. Eq. (5). shows its
definition, where N is the number of blades, ¢ is the chord
length and R is the radius of rotation of the turbine.

o=t 5)

2.2 Design of experiment and control surface

For the testing development, DoE: General Full Factorial
Design was proposed, where an ANOVA analysis method was
implemented. ANOVA allows for the statistical analysis of
how independent variables affect a dependent variable. The
DoE was conducted with two factors: solidity and position of
the blocking plate. Where each factor was tested at two and
three levels, respectively. The experiment was carried out with
a repetition.
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Figure 1. Schematic view of domains and boundary
conditions

Note: Authors’ own source

Figure 2. Main dimensions and configuration of control
surfaces

Three specific cases were configured in the ANSYS
R2024® Space Claim module: Case A serves as baseline case
without blocking plate, while Case B and Case C have the



blocking plate at different distance from the rotor. Figure 1
shows the dimensions of the background grid as demonstrated
by Munoz et al. [25] and the contour conditions which are the
same for all the configured cases. Figure 2 illustrates the rotor
and blocking plate design parameters.

Table 1 and Table 2 show the parameters considered, their
symbology and the values taken by the DoE, according to the
case, which was granted for the design of the rotor and
blocking plate. Furthermore, plates were located according to
Patel et al. [19] the positions are taken based on the diameter
of the rotor. On the other hand, solidity was taken from the
case of the previous study [25].

Table 1. General design parameters

Parameter Symbol Value [m]
Rotation radius R1 0.450
Rotor radius R2 0.850
Plate length L 0.252
Plate width A 0.100
Distance Y W 0.300

Table 2. Design of experiments

Factor: Blocking Plate

Case Factor: Solidity Position [m]
A 1.35,1.79 No plate
B 1.35,1.79 1.600
C 1.35,1.79 0.665

2.3 Mesh generation and boundary conditions

The computational domains were performed in ICEM CFD.
Structured grids were created with quadrilateral elements with
separate domains to implement the overset method. Overset
allows you to control the cells of each component and their
respective movements. Figure 3 (a) shows the background grid
which the blocking plate that corresponds to the stationary
domain of the model, in the same ways, it has refinement in the
part where the rotating domain is located. Figure 3 (b) shows
the rotor mesh which is configured as a rotary domain and
Figure 3 (c) shows the discretization of the blade, it is
configured as a rotary domain, but its movement is relative to
the rotor.

e

a)

Water channel
with blocking plate

b) <)

Note: Authors’ own source

Figure 3. Discretization of control surfaces: a) Background
grid mesh; b) Rotor mesh; c) Blade mesh
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The metrics of the meshes made are illustrated in Table 3,
which are in the acceptable ranges according to the ANSYS®
user manual [13, 26, 27]. According to these references, the
determinant must be greater than 0.3 and the aspect ratio must
be between 1 and 300 depending on the type of simulation to
guarantee an adequate mesh quality. These values guarantee
the accuracy and stability of the results in the simulations
carried out.

Table 3. Grid details and metrics

Components Number of Min. Determinant Max. Aspect

Elements 2Xx2x%x2 Ratio

Standard grid 57882 1 2.180

Grid case B 47690 1 2.080

Grid case C 47668 1 9.830
Blade o 1.35 16558 0.485 126
Blade o 1.79 8990 0.995 123

Rotor 57321 0.948 3.070

The simulation was carried out in the ANSYS Fluent®,
where the system was evaluated in the transient state with the
standard turbulence model. According to the study of Munoz
et al. [25], a convergence criterion of 1E-4 was configured.
The total simulation time is 10 s with a time step of 0.005 s
[26]. Table 4 summarizes the conditions configured in the
simulation.

Table 4. Simulation parameters

Parameters Value
Simulation types Transitory
Turbulence model k — & Realizable
Inlet velocity 1.620 m/s
Angular velocity 6.280 rad/s
Pressure 1 atm

k-¢ Realizable turbulence models were used in this study
because they correctly predict the behavior of turbines, and
their computational performance compared to other turbulence
models available in solvers. Moreover, the k-¢ Realizable
model improves upon the standard k-¢ model by incorporating
a more physically accurate formulation for turbulent viscosity
and an improved dissipation rate equation, allowing it to better
capture flow features such as boundary layer behavior and
rotational flows [27-32]. The transport equations for & and ¢ in
this turbulence model are given by Mohamed et al. [33]:

0 (0k) + = (phi)) = ( +”t)ax
at P T g P T e \H T ) B (6)
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+ e pCySy — pCy———+ C1o—C3Gy + S
pLiot p2k+\/ﬁ 167 C3ebp t
where,
C, = 043 ——
1= max 043, ] ®
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S = 125;S

ijoij (10)
where, G is the turbulent kinetic energy due to the velocity
gradient and G, is the turbulent kinetic energy due to the
buoyancy force. Yis is also the contribution of pulsatile
diffusion to compressible turbulence. The total dissipation rate
or and o, are the turbulent Prandtl numbers £ and ¢,

respectively, Sy and S; are user-defined source expressions.

3. RESULTS AND DISCUSSION
3.1 Statistical analysis

The results from the DoE-ANOVA are presented in this
section. The data analysis was performed using Minitab
software. The objective of the statistical analysis is to
determine the optimal configuration that provides the best

performance in the study. Twelve tests were carried out, and
Table 5 shows the power coefficients C, derived from each
evaluated case.

Table 5. Numerical results obtained from fluent
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Figure 4. Residual plots of the quartic regression model predictions

Figure 4 presents the normal probability plot of residuals,
demonstrating that the residuals follow a normal distribution.
This confirms the assumption of normality for the evaluated
model's residuals. Consequently, the ANOVA model can be
appropriately applied, allowing for the continuation of
statistical analysis.

The results of the ANOVA analysis are shown in Table 6.
The F-value represents the ratio between the variance
explained by each factor and the variance attributed to random
error, while the P-value indicates whether that factor has a
statistically significant effect on the Design of Experiment
(DoE). When the P-value is below the established alpha level
(0.05), the effect is significant, allowing the null hypothesis to
be rejected. In this analysis, the results show that both solidity
and the addition of blocking plates (Case) significantly
influence the power coefficients, improving efficiency.
Solidity, with a higher F-value, has the highest variance,
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making it the most influential factor on system efficiency. This
suggests that adjustments in solidity have a stronger impact on
the power coefficient than variations in the blocking plates.

Table 6. Analysis of variance-ANOVA

. . F- P-
Source DF AdjSS AdjMS Value Value
Model 5 0.007709 0.001542 155.48  0.000
Linear 3 0.007069 0.002356 237.61 0.000
Solidity 1 0.003040 0.003040 306.56  0.000
Case 2 0.004029 0.002014 203.13  0.000
2—Way 2 0.000641 0.000320 32.30 0.001
Interactions
Solidity*Case 2 0.000641 0.000320 32.30 0.001
Error 6 0.000060 0.000010 - -
Total 11 0.007769 - - -

Note: DF, degree of freedom; Adj SS, adjusted sum of squares; Adj MS,
adjusted mean square



Table 7. Model summary

S R-sq R-sq(adj) R-sq(pred)
0.0031491 99.23% 98.60% 96.94%
Note: S, standard error; R-sq, the R-squared; R-sq adj adjusted R-squared

Pareto Chart of the Standardized Effects
(response is Cp; o = 0,05)

Term 245
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Note: Authors’ own source

Figure 5. Pareto diagram

Table 7 presents a summary of the performance metrics of
the model, explaining and predicting surface finish variability.
In terms of fit and predictive ability the model reflects high
accuracy and a solid ability to generalize new data.

The Pareto diagram shows the magnitude and importance of
the effects individually and their respective combinations;
likewise. the reference line (red line) indicates which effects
are statistically significant [34]. Figure 5 shows that the factors
A, B and AB interaction are statistically significant.

The objective is to determine what is the maximum power
coefficient achieved. In this case analyzing the main effects in
Figure 6 (a). When solidity increases from 1.35 to 1.79, a
decrease in the average C, value is observed, suggesting that
higher solidity reduces efficiency, possibly due to increased
aerodynamic drag. In contrast, C, improves consistently from
case A to C, indicating that case design positively influences
performance, with case C being the most effective in
maximizing efficiency. This is verified in Figure 6 (b) that
shows the interaction graph between the factors and their
different levels. The slopes of the lines in the interaction plot
reveal how the impact of solidity varies from case to case. In
case A, increasing solidity significantly decreases C,,
reflecting a negative interaction. On the other hand, cases B
and C present smoother slopes, suggesting greater solidity to
changes in solidity, especially in case C, where C, remains
high and stable, standing out as the most efficient option.

3.2 Numerical analysis

Figure 6 shows the variation of coefficient of moment C,, in
a single blade for each case configured. Figure 7 (a) shows that
with a solidity of 1.35. where the case with the best
performance was case C. Similarly, Figure 7 (b) shows that
with a solidity of 1.79, the case with the best performance is
case B. Additionally, the behavior of this turbine exhibits a
series of peaks or instabilities in the blades due to changes in
the fluid associated with the blocking plate. These peaks
represent fluctuations in the fluid when the solidity increases,
indicating that solidity directly affects the behavior of the fluid
and, consequently, the performance of the turbine.
Furthermore, both rotors presented negative C,, indicating the

lack of self-starting capacity of the HDHT. However, the rotor
with a solidity of 1.35 has a self-starting capacity that is 45%
better compared to the rotor with a solidity of 1.79.
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Table 8. Maximum and minimum moment coefficient

Solidity Parameter C,, Max C,, Min Improved Maximum C,, Improved Minimum C,,
Case A 0.106 -0.038 - -
1.35 Case B 0.113 -0.034 6.091 12.155
Case C 0.119 -0.032 10.592 19.906
Case A 0.112 -0.063 - -
1.79 Case B 0.130 -0.061 13.942 3.749
Case C 0.124 -0.064 9.412 -0.592

Case C, Solidity 1.35

Case A, Solidity 1.35

Casce C, Solidity 1.79

3.2 2.2 1.2 0.6

IO

Velocity streamlines [m/s]

(a) Velocity for case C and case A

I 7.0 Pressure [KPa]
3.0
| BEY
Solidity 1.35
[l
o0 | @
S Solidity 1.79

(b) Pressure for case C
Note: Authors’ own source

Figure 8. CFD contour from Fluent

Table 8 shows the maximum and minimum values of C,, for
configured cases. There is an improvement in the C, and
therefore in the efficiency of the turbine. However, not all
cases show an improvement in the minimum C,, case C with
solidity of 1.79 has an increase of 6% in its minimum C,,. The
best cases for solidity 1.35 and 1.79 are case C and B
respectively. with an improvement of approximately 10.6%
and 13.9% with respect to case A.

The study by Patel et al. [19] is based on experimental tests,
which provide results directly observed under real physical
conditions, including factors such as fluid-structure interaction,
material roughness, and secondary effects that are difficult to
replicate numerically. On the other hand, the present study is
based on numerical simulations using CFD, which can
simplify or idealize certain physical aspects, such as boundary
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conditions or complex secondary effects, which partly
explains the differences in the maximum C, values.

Patel et al. [19] reported a maximum C, of 0.36, while this
study achieved a maximum C, of 0.430 for the rotor
configuration with the solidity of 1.79 configured with case B.
These results are approximate; however, it suggests reviewing
more positioning points for the plate as they do not match the
parameterization suggested by the authors. Additionally, the
differences may be due to the rotor under study not having all
the dimensions of the turbine designed.

Figure 8 shows the velocity and pressure contours of case C
and case A where the drop (blue color) and increase (red color)
of rotor velocity and pressure are shown. Figure 8 (a)
illustrates the velocity behavior of the water in case A and case
C. It is observed how the flow changes due to the blocking
plate, decreasing the velocity of the water in the upper
quadrant and increasing it in the lower quadrant due to the
turbulence projected by the accessory. Figure 8 (b) shows the
pressure contour of case C, when solidity is 1.79, there is a
bigger fluctuation in the pressures that may be due to having
bigger solidity. It can be observed that higher velocities
correspond to lower pressures, which is a normal behavior
indicating that the simulation accurately represents the
physical phenomena of the HDHTs.

4. CONCLUSIONS AND FUTURE WORK

Numerical study was carried out implementing statistical
tools such as DoE-ANOVA. General factorial experimental
design with two factors was configured with two and three
factors. The study was conducted in ANSYS Fluent ® R2024,
six configurations were simulated with a replica. The
performance of each rotor was determined in terms of power
and momentum coefficients, and it was concluded that:

Using Minitab® software, the statistical analysis of the
experiment was carried out with two factors: solidity and
blocking plate distance; the response variable analyzed was
the power coefficient. From the statistical analysis it was
found that both factors are significant to improve the power
coefficient, likewise, it was found that the lowest solidity of
1.35 with case C (blocking plate at 0.665 m) is the best
configuration. These data coincide with the numerical analysis
carried out; on the other hand, the behavior of the total moment
coefficient of the turbine was also analyzed and it was found
that there is also a significant improvement in the minimum
moment coefficient generated, which can directly impact the
capacity of self-starting of the turbine and improving its cyclic
behavior.

This research concludes that the DoE-ANOVA method is
an effective strategy for understanding the effect of a variable
on the behavior of the hydraulic and mechanical properties of
H-Darrieus turbines. Where the use of statistical analysis along
with simulation tools are shown as powerful tools to solve the
turbine design problem, where the number of possible



solutions to be evaluated is reduced in order to find an
adequate solution. These methods help ensure that simulation
results are not only accurate but also reliable, by distinguishing
between real physical effects and random noise or numerical
errors.

In future studies, it is possible to consider a regression
model that allows considering the variation of the TSR and the
different positions and geometries of the locking plate, with
the aim of minimizing the negative torque. It is also possible
to develop a model that considers all the physical components
of the HDHT in a three-dimensional model that allows the
validation of the computational data in experimental
configurations.
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