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Abstract: In the present study, the implementation of multi-blade profiles in a Savonius rotor was
evaluated in order to increase the pressure in the blade’s intrados and, thus, decrease motion
resistance. The geometric proportions of the secondary element were determined, which maximized
the rotor’s performance. For this, the response surface methodology was used through a full
factorial experimental design and a face-centered central composite design, consisting of three
factors, each with three levels. The response variable that was sought to be maximized was the
power coefficient (CP), which was obtained through the numerical simulation of the geometric
configurations resulting from the different treatments. All geometries were studied under the
same parameters and computational fluid dynamics models through the ANSYS Fluent software.
The results obtained through both experimental designs showed a difference of only 1.06% in
the performance estimates using the regression model and 3.41% when simulating the optimal
proportions geometries. The optimized geometry was characterized by a CP of 0.2948, which
constitutes an increase of 10.8% in its performance compared to the profile without secondary
elements and of 51.2% compared to the conventional semicircular profile. The numerical results were
contrasted with experimental data obtained using a wind tunnel, revealing a good degree of fit.

Keywords: wind power; Savonius rotor; multi-element; experimental design; response surface; CFD

1. Introduction

The omnidirectional operations of vertical axis wind turbines allow harnessing winds
that frequently vary their directions, without requiring additional orientation systems [1,2].
Likewise, recently it was shown that vertical axis wind turbines can operate at shorter
distances between rotors than horizontal axis wind turbines, which allow a greater number
of turbines to be arranged in the same site area [3,4].

In particular, the operating principle of the Savonius type rotor is based mainly on the
aerodynamic drag force, which attributes a high initial torque and allows it to operate at
low flow velocities without the need for assistive devices to get into motion [5–8]. However,
this form of operation represents a challenge when the blade moves against the flow and it
is the main reason for the efficiency limitations in this type of rotor [9]. A large number
of researchers have studied this aspect and have proposed various configurations in the
profile of the blade, seeking less resistance in its return movement. A widely adopted
strategy is the implementation of deflector surfaces located on the periphery of the rotor,
which prevents the direct action of the fluid on the blades in their return, and in some cases
can divert that flow towards the power generating blades [10–14]. However, this type of
mounting can affect the omnidirectional characteristic of the rotor as the baffles remain
fixed or require orientation [15].

Additionally, in regard to the blade that is moving downwind, it also sees its perfor-
mance limited when the tangential velocity of the rotor approaches the flow velocity; when
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the relative velocity between the fluid and the blade decreases, the pressure difference
between both sides of the surface tends to zero [16,17].

On the other hand, when the fluid exceeds the widest section of an aerodynamic body
(in this case the turbine blade) or passes through a widening section, a deceleration of the
flow that can reduce its velocity to zero or even reverse its direction of circulation occurs,
separating the body surface and the fluid [18,19]. According to Bernoulli’s principle, with
velocity reduction, there is a local increase in the static pressure of the flow; in this case,
this is known as an adverse pressure gradient [20].

The detachment of the boundary layer impedes the fluid occupying the regions
around a submerged body continuously, causing areas of lower pressure in the places most
inaccessible to the fluid [21,22]. This represents a significant loss in the performance of a
fluid-dynamic surface since it contributes to one of the fundamental components of motion
resistance that bodies experience within a flow, called parasitic drag [19,23]. Multi-element
profiles are effective solutions to this phenomenon since they allow a quantity of the fluid
to be diverted to the regions that require it [24–27].

This research evaluates the implementation of a multi-element geometry in a Savonius
rotor without an intermediate shaft and using a split Bach type profile for the main element;
since this type of profile is among the best performing ones today [28]. The use of multi-
element profiles in a Savonius rotor can help energize the concave or intrados side of
the blade, avoiding depressurization and reducing the resistance to motion. However,
the increase in the number of aerodynamic surfaces can lead to a lower CP, as happens
when increasing the number of blades in this type of rotor [9]. This makes an optimization
analysis in which the geometric proportions of the secondary element that gives rise to the
maximum performance of the rotor are determined necessary. For this, the response surface
methodology is used through a full factorial experimental design (FFD) and a face-centered
central composite design (FCCD). The CP is evaluated as the response variable, which
is obtained through the numerical simulation of the geometric configurations resulting
from the different treatments. The results obtained through both experimental designs are
compared with each other and are contrasted with experimental data obtained through a
wind tunnel.

2. Materials and Methods
2.1. Specification of the Experimental Designs

When reviewing the literature, information to serve as a starting point for this research
regarding the implementation of multi-blade profiles in Savonius type rotors was not
obtained. Therefore, seeking the greatest constructive ease, an arc-circular geometry was
defined as the profile of the secondary element and the fundamental dimensions with
which its construction is completely defined were identified.

For this, three factors were established; one of them corresponds to the diameter
that constitutes the leading edge of the secondary element (O) and the remaining ones
comprise the distances between the leading (P) and trailing (Q) edges of the blade studied
with respect to the edge outside the main element, as shown in Figure 1. These factors
are dimensioned according to the percentage represented respecting the rotor diameter
(D). Three levels were defined for each factor constituting an experimental design 33

(i.e., three levels for the three factors). Table 1 shows the factors and levels used in the
experimental designs.

The radius of the secondary element is obtained by construction, so that the angle at
the trailing edge of the secondary element is ensured to be coincident with the angle of the
outer edge of the main element. The wind velocity was defined as a constant, with a value
of 4 m/s.
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Figure 1. Geometric parameters used in experimental designs.

Table 1. Description of the experimental designs (33).

Factor Symbol Level Unit

Tip diameter O 96, 98, 100 %
Inlet gap P 12, 16, 20 %
Outlet gap Q 6, 8, 10 %

A FCCD does not require all the level combinations that a FFD requires, but only the
central combinations between each pair of factors. In this regard, for the case of a design
with 3 factors evaluated at 3 levels, a cubic structure is obtained with points of analysis
at each vertex, at the center of the faces, and at the center of the body of the experimental
domain, which determines a total of 15 treatments [29].

By constructing the geometries according to the values provided by the FFD and the
FCCD, it was possible to obtain a total of 27 and 15 models, corresponding respectively to
each treatment (i.e., combination of levels). All geometries are bounded by a circumference
of 200 mm in diameter (D) and built considering a thickness of 1 mm.

The performance of each geometry is evaluated in terms of the torque coefficient (CT)
from which the power coefficient (CP) is determined as the response variable. The CT is
estimated as the relationship between the torque generated by the turbine on its shaft (T)
and the torque that is possible to generate under the given conditions. This can be seen
expressed in Equation (1), where ρ is the density of the air, v is the wind velocity in free
flow and A = DH is the cross-sectional area of the turbine, being H its height (unitary in
two-dimensional analysis).

CT =
Tturbine

Tavailable
=

T
1
4 ρ Av2D

(1)

Likewise, the CP consists of the relationship between the power generated by the
turbine and the energy flow carried by the fluid. This can be estimated by means of
Equation (2), where ω is the angular velocity of the turbine [30].

CP =
Pturbine

Pavailable
=

T ω
1
2 ρ Av3

=
T

1
4 ρ Av2D

ωD
2v

(2)

The speed ratio at the tip of the blade (TSR) gives a proportion of the angular velocity
of the turbine in dimensionless terms according to Equation (3).

TSR =
ωD
2v

(3)

In this way, Equation (2) can be rewritten as Equation (4).
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CP = CT · TSR (4)

Considering that the profile and dimensions of the main blade remain fixed in this
study, it is assumed that the value of TSR corresponding to the optimal performance of
each geometry studied, will also be largely conserved. Therefore, the rotational velocity
and its respective TSR are determined by analyzing the rotor whose secondary blades
dimensions correspond to the central levels of the experimental designs (98, 16, and 8 for
the factors O, P and Q, respectively). Said geometry is rotated at different velocities in
order to describe the point of maximum performance, thus determining that the optimal
conditions correspond to a rate of eight revolutions per second (8 rps) (TSR = 1.2566).

Each numerical simulation is performed for ten complete revolutions of the rotor,
seeking to achieve a quasi-stable state. From the simulations, reading are taken from the
CT generated on the rotor axis for each angular position recorded according to its azimuth
angle (θ) (Figure 2).

WIND WIND
Returning

Advancing

Opposite blade

Reference blade

θ

Figure 2. Reference system used for the analysis of geometries.

These values are averaged for the rotor’s last two complete revolutions, corresponding
to the results with the greatest temporal stability. This averaged CT allows us to estimate
the averaged CP through Equation (4). This is done with all geometries, obtaining the CP
corresponding to each combination of the experimental designs.

2.2. Specification of the Numerical Analysis

In this study, the geometries are analyzed under two-dimensional models, assuming
that the rotor aspect ratio (H/D) is greater than or equal to the unit [31]. All geometries
are analyzed in transient regime, under the same algorithms, parameters, and models of
computational fluid dynamics (CFD) through the ANSYS Fluent software. The turbulence
model k − ω SST is proposed for its good performance in predicting free flows and ad-
verse pressure gradients [32–34]. A coupled scheme was selected for the pressure-velocity
coupling algorithm and an implicit transient first-order formulation was used.

The analysis domain is made up of two parts: a rotating circular region and a station-
ary rectangular region. The circular region contains the profile under study and rotates
constantly at the determined velocity (TSR = 1.2566). The rotating circular region is
divided by a sliding interface, whose diameter does not significantly influence the results.
However, a prudent distance is sought with respect to the walls of the geometry so that the
high gradients that occur there due to the boundary layer phenomenon do not have to be
divided into different regions.

An air inlet is established at a velocity of 4 m/s (class 1 wind) [35], corresponding
to a flow regime with a Reynolds number of 6 × 104. Similarly, an output to atmospheric
conditions is set and the lateral field is simulated under symmetry conditions since there
are low-scale gradients [32,36] (Figure 3). However, established boundary conditions can
make it difficult to deflect flow around the turbine as opposed to the restriction produced
by the turbine, thus generating a blockage effect [37]. This produces an acceleration of the
flow around the obstacle and means an over-prediction of the rotor’s performance [38].
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Figure 3. Analysis domain and boundary conditions.

In a two-dimensional analysis, the blockage ratio is defined as the ratio of the rotor
diameter to the flow’s domain width (D/W), so the blockage effect can be minimized by
increasing the simulation domain scale with respect to rotor size [38]. Despite this, given
that within the experimental designs the same boundary conditions and the same domain
size will be used for all geometries studied, this does not represent a significant variation
factor, so in spite of producing altered results, these will largely preserve their relationship
to each other [37].

To know the value and trend of said alteration, an independence analysis is carried
out for the computational domain, under the same conditions with which the experimental
designs geometries are studied. The center dimensions profile is used as a test model. The
results obtained in this analysis describe the behavior of CT according to θ, for each tested
domains (Figure 4).
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Figure 4. Torque coefficient (CT) according to azimuth (θ) for each domain.

When estimating the average CT for each computational domain, it is evidenced that
the size of the domain has a notable effect on it and that its variation becomes smaller
compared with the value corresponding to the larger-scale domain (domain 5). The
asymptotic convergence indicator for the domain independence analysis according to
Richardson’s extrapolation is 0.9521; whose closeness to unity indicates the existence of
a convergence value [39]. Table 2 shows the results obtained when testing the different
computational domains.

Seeking a shorter simulation time, the general dimensions of the analysis domain are
established for a blockage ratio of 20% (Figure 3), similar to the study carried out by [40],
so its respective deviation must be taken into account.
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Table 2. Domain independence test results.

Domain 1 2 3 4 5

Blockage ratio (D/W) 0.4 0.2 0.1 0.05 0.025
Number of elements 73,804 99,408 201,821 611,476 2,250,093
Averaged CT 0.5393 0.3192 0.2393 0.2048 0.1950
Deviation 176.63% 63.73% 22.74% 5.03%
Simulation time [h] 3.12 4.20 8.53 25.83 95.07

Similarly, to obtain an efficient number of partitions into which both the analysis
geometry and the period to be simulated must be divided, it is necessary to perform a
spatial and temporal discretization independence analysis, seeking to obtain a convergence
in the result.

The spatial independence analysis is developed under the same conditions and for
the same geometry as the domain independence analysis. Five discretizations known as
meshes are built, with the same structure, but with a number of partitions according to the
degree of refinement of each one.

Meshing was done in ANSYS Meshing software. The static body that simulates the far
fluid field has a structured mesh with only quadrilateral elements, while the mobile body
that simulates the field near the rotor has an unstructured mesh with predominant quadri-
lateral elements and some triangular elements to achieve greater adaptability to geometry
(Figure 5 left). The mesh adjacent to the rotor walls is refined and has a perpendicular layer
structure (inflation) that allows a better prediction of the boundary layer (Figure 5 right).

Figure 5. General structure of the mesh (left) and details of the mesh near the profile walls (right).

The results obtained in this analysis are shown in Figure 6 and allow estimating the
averaged CT for each mesh. It is observed that the variation of the averaged CT is minimal
when compared with the corresponding value of the finest mesh, thus generating an
indicator of asymptotic convergence of 1.0122 according to the Richardson’s extrapolation
(Table 3).

When using the k − ω SST turbulence model, it is recommended that the value of y+

be less than unity to ensure proper predictions in the flow near the walls [32,36]. For this
reason, the fourth mesh is selected, which also requires a much shorter simulation time
than the finest mesh (Table 3).
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Figure 6. Torque coefficient (CT) according to azimuth (θ) for each mesh.

Table 3. Mesh independence test results.

Mesh 1 2 3 4 5

Number of elements 13,952 34,201 99,408 340,600 1,284,097
Averaged CT 0.2655 0.3103 0.3192 0.3211 0.3231
Deviation 17.81% 3.95% 1.20% 0.61%
y+ 10.0982 4.5310 2.3937 0.5176 0.0269
Simulation time [h] 1.98 2.63 4.20 10.52 39.35

Starting from the fourth meshing, the temporal discretization independence analysis
is carried out in the same way, under the same conditions, and for the same geometry
as the meshing independence analysis. Five time discretizations are taken, generated by
dividing the period of the rotor’s revolution into a number of elements or time steps. The
results obtained in this analysis are shown in Figure 7 and allow estimating the average
value of CT for each temporal discretization (Table 4). It is evident that the variation of the
averaged CT decreases as the partition tightens, getting closer and closer to a convergence
value that is supported by an asymptotic convergence indicator of 1.0281 for Richardson’s
extrapolation. A discretization of 720 time steps per revolution is then determined, which
represents a suitable relationship between the allowable error and the simulation time.
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Figure 7. Torque coefficient (CT) according to azimuth (θ) for each time step.
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Table 4. Temporal independence test results.

Time Step 1 2 3 4 5

Number of elements [TS/rev] 90 180 360 720 1440
Averaged CT 0.2177 0.2851 0.3211 0.3405 0.3493
Deviation 37.68% 18.39% 8.08% 2.53%
Simulation time [h] 3.73 6.10 10.52 19.87 33.42

2.3. Specification of the Experimental Setup

To verify the results obtained numerically, an experimental study was carried out in
which the conventional semicircular profile, the split Bach profile, and the multi-blade Bach
profile were evaluated using a wind tunnel (Figure 8).

Figure 8. Test rotors of the conventional semicircular profile (right) and multi-blade Bach (left) (the
secondary blades were installed on the split Bach profile rotor model).

The study was carried out in a closed test section of 50 cm × 50 cm, with a rotor
model of 200 mm in diameter and 200 mm in height, corresponding to a blockage ratio of
16% (Figure 9). Plates were installed at the ends of the rotor with a diameter of 220 mm
made with 6 mm thick acrylic [41]. The blades on the models were made from 20-gauge
aluminum sheet. The experiment was carried out in the city of Medellín, Colombia, with
an approximate air density of 1.058 kg/m3, corresponding to a height of 1500 meters above
mean sea level (MAMSL) (ISO 2533).

Figure 9. Schematic of the experimental setup: (1) wind tunnel, (2) test section, (3) test model,
(4) torque sensor, (5) couplings, and (6) braking electric motor.
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The test consisted of allowing an established air flow at a velocity of 4 m/s through the
wind tunnel (Figure 10). The flow velocity was adjusted through an ultrasound anemometer
located 0.5 m upstream of the rotor, before conducting each test. This was withdrawn again
to avoid disturbance of the incident flow on the rotor.

The flow inside the tunnel accelerated the rotor from zero velocity to its limit velocity
without load. Once the rotation regime stabilized, a power signal was sent to an electric
motor, which was constantly increasing its intensity. The load exerted by said motor made
the test rotor brake until it was completely blocked (Figure 11).

Measurements were made using a torque sensor with encoder and a control sys-
tem that allowed modifying the load exerted by the electric motor from the pulse width
modulation (PWM) in its power signal, regulated at 3.5 V.

Figure 10. Wind tunnel used for experimental development (left). Detail of the experimental setup and the measurement
system (right).
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Figure 11. Velocity during tests histogram.

The purpose of the experimental study is to validate the results obtained from the
numerical analysis rather than to approximate the real performance of the rotor. Therefore,
in order to compare the results obtained experimentally with the numerically estimated
data, it was necessary to replicate the experimental conditions within a three-dimensional
numerical model formulated according to the system’s degrees of freedom (6-DOF solver).
In this regard, the blockage ratio within the wind tunnel does not represent a variation
factor between both approaches.

For this, the same conditions with which the two-dimensional models were studied
were established, in addition to assigning the required degree of freedom to the turbine’s
axis of rotation (Figure 12. In the same way, the spatial and temporal discretization
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independence analysis was carried out, stabilizing the results, and obtaining an efficient
discretization of 2,120,850 elements and a time step of 0.001 s (Figure 13).

1.3

1.3

1.925

2.375

0.64

0.3

Tunnel walls

Rotor
walls

Interface
fluid - fluid

DOF

Velocity inlet

Pressure outlet

Figure 12. Domain size and conditions of the three-dimensional numerical analysis.

Figure 13. General structure of the mesh.

3. Results
3.1. Hypothesis Testing

The CP values obtained from the simulations must fit a normal distribution to guaran-
tee the regression’s model validity. Additionally, the residuals obtained from the regression
must be random, normally distributed, and must have a constant variance, respecting
each factor (homoscedasticity). Normality in the response variable is verified with the
Kolmogorov–Smirnov and Shapiro–Wilk tests, and normality in the residuals is verified
with the Jarque–Bera test. Likewise, the assumptions of independence and homoscedas-
ticity in the residuals are verified under the Wald–Wolfowitz and Levene tests, respec-
tively [29].

The statistical analysis is developed through the software R 3.6.1. For each one of
the two experimental designs, a second-order multiple regression model is fitted with
interactions [29]. When performing the hypothesis tests on each regression models, their
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plausibility is evaluated, establishing a 95% confidence for their fulfillment, which corre-
sponds to a minimum significance level of 0.05. As can be seen in Table 5, the p-values of
the tests are greater than the established level of significance, so the hypotheses that lead to
compliance with the requirements cannot be rejected.

Table 5. Results of the tests in the adjustment of the regression model for the FFD and the FCCD.

Hypothesis Term Test Name p-Value DecisionFFD FCCD

Nomality Response variable (CP) Kolmogorov-Smirnov 0.5722 0.4178 Cannot be rejected
Nomality Response variable (CP) Shapiro-Wilk 0.1241 0.0579 Cannot be rejected
Nomality Residuals Jarque-Bera 0.9490 0.6770 Cannot be rejected
Independence Residuals Wald-Wolfowitz (runs test) 0.4233 0.2658 Cannot be rejected
Homocedasticity O: Tip diameter Levene 0.6952 0.3829 Cannot be rejected
Homocedasticity P: Inlet gap Levene 0.5690 0.5354 Cannot be rejected
Homocedasticity Q: Outlet gap Levene 0.5569 0.5346 Cannot be rejected

3.2. Response Surface

The results of the numerical simulations for each treatment of the FFD are shown
ordered according to their factors in Table 6 and for each treatment of the FCCD in Table 7.

Table 6. Power coefficient (CP) determined for each treatment of the FFD.

O P Q CP O P Q CP O P Q CP

96 12 6 0.4130 98 12 6 0.4243 100 12 6 0.4144
96 12 8 0.4075 98 12 8 0.4003 100 12 8 0.3733
96 12 10 0.3833 98 12 10 0.3824 100 12 10 0.3405
96 16 6 0.3977 98 16 6 0.4219 100 16 6 0.3859
96 16 8 0.4075 98 16 8 0.4279 100 16 8 0.3798
96 16 10 0.4081 98 16 10 0.4070 100 16 10 0.3641
96 20 6 0.3687 98 20 6 0.3576 100 20 6 0.3406
96 20 8 0.3919 98 20 8 0.4115 100 20 8 0.3575
96 20 10 0.4196 98 20 10 0.4015 100 20 10 0.3577

Table 7. Power coefficient (CP) determined for each treatment of the FCCD.

O P Q CP O P Q CP O P Q CP

96 12 6 0.4130 98 12 8 0.4003 100 12 6 0.4144
96 12 10 0.3833 98 16 6 0.4219 100 12 10 0.3405
96 16 8 0.4075 98 16 8 0.4279 100 16 8 0.3798
96 20 6 0.3687 98 16 10 0.4070 100 20 6 0.3406
96 20 10 0.4196 98 20 8 0.4115 100 20 10 0.3577

The results of the Fisher test F global allow one to conclude with full confidence
that the analyzed data respond to a trend and, therefore, can be modeled (p-value =
1.332 × 10−8 for the FFD and p-value = 3.9 × 10−3 for the FCCD). A second-order multiple
regression model with interactions is adjusted for each experimental design, with which
the effect of the different factors is determined. The null hypothesis of the test establishes
that the analyzed factor has no effect on the response variable. Therefore, the lower the
p-value of each coefficient, the greater the evidence against the null hypothesis, suggesting
a significant difference generated by the respective factor [42]. Table 8 summarizes the
results of the variance analysis (ANOVA) for the adjustment of the regression models of
the FFD and the FCCD.

Table 9 shows the test statistics for each factor and experimental design results.
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Table 8. ANOVA for the regression models adjusted for the FFD and the FCCD. (DOF), (SS), and (MS) refers to degrees of
freedom, sum of squares, and mean squares, respectively.

Term FFD FCCD
DOF SS MS F-Value p-Values DOF SS MS F-Value p-Values

FO (O, P, Q) 3 5.59 × 103 1.86 × 103 30.549 4.52 × 107 3 3.08 × 103 1.03 × 103 12.185 9.78 × 103

TWI (O, P, Q) 3 6.30 × 103 2.10 × 103 34.44 1.92 × 107 3 4.74 × 103 1.58 × 103 18.774 3.75 × 103

PQ (O, P, Q) 3 4.04 × 103 1.34 × 103 22.07 4.26 × 106 3 3.80 × 103 1.27 × 103 15.031 6.18 × 103

Residuals 17 1.04 × 103 6.09 × 105 5 4.21 × 104 8.42 × 105

Lack of fit 17 1.04 × 103 6.09 × 105 5 4.21 × 104 8.42 × 105

Pure error 0 0 0 0

Table 9. Test statistics for each factor and experimental design results.

Term FFD FCCD
Coefficient Std. Error t-Value p-Values Coefficient Std. Error t-Value p-Values

Intercept −49.703 7.6762 −6.475 0.00000571 −60.989 13.714 −4.4473 0.006719
O: Tip diameter 1.0068 0.15629 6.4419 6.082 × 106 1.232 0.2805 4.3923 0.007073
P: Inlet gap 0.049454 0.028425 1.7398 0.0999685 0.076752 0.041483 1.8502 0.123515
Q: Outlet gap 0.1978 0.056851 3.4794 0.0028696 0.20925 0.082966 2.5221 0.053041
O : P −0.000442 0.00028169 −1.5691 0.1350558 −0.0007616 0.00040546 −1.8783 0.119137
O : Q −0.0021635 0.00056338 −3.8401 0.0013114 −0.0024408 0.00081092 −3.0099 0.029758
P : Q 0.002614 0.00028169 9.2796 4.579 × 108 0.0026814 0.00040546 6.6133 0.001189
O2 −0.0050518 0.00079675 −6.3405 7.387 × 106 −0.0061646 0.0014303 −4.31 0.007643
P2 −0.0009056 0.00019919 −4.5466 0.0002858 −0.0007783 0.00035758 −2.1765 0.081468
Q2 −0.0018406 0.00079675 −2.3102 0.0336938 −0.0009675 0.0014303 −0.6764 0.528804

The coefficients that correspond to each factor constitute the regression polynomial
that determines the value of the response variable in each coordinate [43]. Equations
(5) and (6) express the regression polynomials for the FFD and the FCCD, respectively.

CP = −49.703 + 1.232 · O + 0.049454 · P + 0.1978 · Q

− 0.000442 · OP − 0.0021635 · OQ + 0.002614 · PQ

− 0.0050518 · O2 − 0.0009056 · P2 − 0.0018406 · Q2

(5)

CP = −60.989 + 1.0068 · O + 0.076752 · P + 0.20925 · Q

− 0.0007616 · OP − 0.0024408 · OQ + 0.0026814 · PQ

− 0.0014303 · O2 − 0.0007783 · P2 − 0.0009675 · Q2

(6)

Figure 14 shows the surface graphs obtained by evaluating the FFD’s regression
polynomial as a function of two factors. The surface graphs of the FCCD’s regression
polynomial are appreciably similar.

To determine the geometric proportions that allow the maximum performance, the
point at which the derivative value of the regression polynomials becomes zero must be
found. Figure 15 offers a better appreciation of the surfaces stationary points shown in the
previous figure.
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Figure 14. Response surfaces perspective graphs.

Figure 15. Response surfaces contour graphs.

The coordinates of the global stationary points for each experimental design, in which
all the factors of each model simultaneously have zero slope, are comparatively shown in
Table 10. Substituting these coordinates in each regression polynomial results in a modeled
CP. Likewise, when constructing the profile with the optimal proportions and simulating
it under the same conditions with which the geometries were simulated previously, a
numerical CP is obtained. These optimal performance values are exposed in the same way
in Table 10.

Table 10 shows a significant decrease in the number of treatments required by the
FCCD respecting the FFD, which means a reduction in resources of 44.44%. Additionally,
the CP estimated through these models largely preserves its order of magnitude.

However, the optimal points estimated through the regression models of each design
show significant differences, mainly in the P and Q factors. Likewise, when simulating
the geometries built from these optimal parameters, the FFD presents a more favorable
result in performance, which leads to a greater acceptance of this model for the purposes of
this research. On the other hand, although the goodness of fit (R2) is higher for the FCCD
with a difference of 2.76%, the adjusted R2 is 0.52% lower, which reveals a greater effect of
the factors on the response variable in the FFD than in the FCCD. This can be verified in
Figure 16, where a supremacy in the scale of the effects of each factor and their interactions
is identified, indicating that it is possible to capture more information from the data in the
first design than in a second. This may be the root cause that the prediction of the optimum
point in the FFD is more accurate.
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Figure 16. Significance level for the different factors and interactions in the FFD and FCCD designs
(the black line represents the maximum significance level of 0.05).

Table 10. Comparative between the FFD and FCCD designs.

Number of R2 Adjusted Modeled Numerical Stationary Point
Treatments R2 CP CP O P Q

FFD 27 0.9391 0.9068 0.4161 0.4364 96.8085 17.4275 9.4000
FCCD 15 0.9650 0.9021 0.4205 0.4215 97.1827 16.6731 8.6566

Diference −44.44% 2.76% −0.52% 1.06% −3.41% 0.39% −4.33% −7.91%

The linear and quadratic effects of the O factor correspond to those with the lowest
p-values among the main and second-order effects, respectively; this indicates greater
evidence of presenting the greatest effect on the response variable with respect to the other
terms of the same order. These results also show that its effect on the response variable is
offered individually to a greater extent, without substantially depending on the magnitude
of the other factors.

The same occurs with the interaction P : Q, whose p-values close to zero, demonstrates
the great dependence that exists between both factors and their significance within the
model. This result confirms the importance of analyzing the factors together in order to
consider the variation of each of them, respecting the variation of a second factor. On
the other hand, the curvature implied by the significant quadratic effects, validates the
implementation of the second-order model for adjusting both experimental designs.

3.3. Experimental Results

After recording the rotation velocity and the torque exerted between the rotor and the
braking electric motor, the power generated for each recorded instant (0.05 s) was calculated.
Finally, the average of the torque and power values corresponding to the same rotation
regime was determined and it was carried to dimensionless terms (Figures 17 and 18).

Since the numerical and experimental data were obtained in test sections with the
same blockage ratio, any source of variation between both approaches should not be found.

In Figure 17, it can be seen that the CT curves conserve their order of succession of
the three rotors in each approach, with the multi-blade Bach profile being the one with the
highest performance both in the numerical and in the experimental one.
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Figure 17. Results of CT obtained experimentally by the three tested rotors (E) and their comparatives
with the numerical results determined from the three-dimensional simulations (N).

Similarly, in Figure 18, it can be seen that the relationship between the results of
CP of the three rotors is significantly conserved within each approach, revealing that the
difference between the multi-blade Bach profile and the split Bach profile is about half the
difference between the latter and the conventional semicircular profile.
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Figure 18. Results of CP obtained experimentally by the three tested rotors (E) and their comparatives
with the numerical results determined from the three-dimensional simulations (N).

The differences presented between the results of the numerical study and the experi-
mental one may be mainly due to friction. In the simulations, the rotor turns freely and the
effects of the supports are neglected, which causes a reduction in the angular velocity and,
consequently, modifies the values of the TSR at which the different characteristic points
are achieved in the rotor’s performance curves.

Similarly, when the rotor attempts to come to a complete stop, the transition that
occurs between dynamic and static friction at the point of imminent movement generates
slight torsional pulses on the sensor shaft that alter measurements and cause values to be
recorded; the torque increased to low TSR (Figure 17).

Moreover, the roughness on the blades surface affects the relationship between the
aerodynamic coefficients of the profiles (CL/CD), causing performance to decrease [44].
In the numerical study, smooth rotors were evaluated, but during experimentation, the
models were used, although they had a good surface finish, they were not ideal.

On the other hand, considering that the wind velocity is the variable with the greatest
significance in the estimation of rotor performance, because it is at the third power, any
minimum deviation (either due to calibration or resolution of the measuring instrument,
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or because the presence of the instrument may alter the flow conditions within the tunnel),
may be magnified and affect the performance measurement appreciably.

4. Discussion
4.1. Performance Analysis of the Optimized Profile

To obtain a better estimate of the actual turbine performance, the simulation of the
optimized rotor is performed using a larger scale simulation domain. A square domain
whose side is 50 times the diameter of the rotor is used (blockage ratio of 2%), seeking
to minimize the blockage effect produced by the rotor in the flow field. Rotors with the
conventional semicircular profile and the split Bach type without secondary elements are
also analyzed under the same conditions.

In this way, the rotor with a conventional semicircular profile has a CP of 0.195.
Likewise, the geometry with the split Bach type profile without secondary elements allows
reaching a CP of 0.2661. In contrast, the rotor with the optimized multi-blade Bach profile
develops a CP of 0.2948, which represents an increase in its performance of 51.2% and
10.8%, respectively.

To understand the aspects that led to this result, the variations in the aerodynamic
behavior of the blade when implementing secondary elements are analyzed. To do this, the
CT in one of the blades of each rotor is determined as a function of θ, at a rotation velocity
of 7 rps (TSR = 1.0996), corresponding to the maximum performance of the Bach type
profile for the 2% blockage ratio (optimal velocity decreases to convergence by reducing
blockage effect). This is done under the simplification that the two blades that constitute
each rotor have similar and counter-phase performances.

In Figure 19, it can be seen that the maximum torque from the two types of blades is
obtained at the beginning of the advancing phase, in a position close to 30°, which allows
to conclude that it is produced in contribution of drag force and lift force. In the same
way, the minimum torque occurs during the returning phase when there is greater flow
obstruction (close to 270°), which indicates that it is mainly caused by the parasitic drag
force [19,23].

0 30 60 90 120 150 180 210 240 270 300 330 360
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Multiblade Bach
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0.4 
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−0.4 

−0.6 

Figure 19. Difference between the torque coefficient (CT) in one of the blades of each rotor, at a TSR
of 1.0996.

When analyzing Figure 19 in detail, it can be seen that the advantage of the multi-
blade profile presents when the advancing phase begins (Figure 20a), ascending to a
medium height peak generated by the greater pressure that causes the flow deflected by
the secondary element toward the most extreme zone of the concavity of the main element,
where, as it has a greater eccentricity, a greater torque is generated (Figure 20b). This
advantage continues until the blade is aligned with the flow on its way to the rear, where
the drag force and its eccentricity decrease, causing a decrease in the torque generated.
During this journey, in a position close to 115°, the secondary element shows its greatest
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contribution by prolonging the drag force action and allowing the rotor in question to
maintain a higher torque for a longer period (Figure 20c).

Once the opposite blade overlaps, the flow that affects the reference blade becomes
obstructed, causing it to decrease the positive torque and start to represent a load, since it
requires to be moved through the fluid (Figure 20d). In this way, the reference blade travels
a negative torque path that is asserted in the returning phase, when the flow incises the
opposite way.

While the secondary element remains hidden from the flow, it does not show any
usefulness, but it does suppose a greater resistance by having to displace a greater mass of
fluid in its movement, causing a detriment in performance compared to the base profile.
This disadvantage reaches its lowest point at a position close to 225° (Figure 20e).

As the blade approaches the position of greatest resistance (Figure 20f), the secondary
element begins perceiving a slight flow, which, when deflecting it toward the concavity
of the main element, allows it to counteract the additional resistance that this means, and
makes the difference between the performance of the two profiles remain close to zero.
In this way, it once again achieves a position in which it gets to divert a sufficient part of
the flow to replenish with profit the losses that will be generated during the next cycle
(Figure 20a).

Figure 21 shows the behavior of the CT for each rotor, obtained from the performance
sum of each of the blades that constitute them.

10°
↑ P

45°

↑ P
↑ Eccentricity

↓

↓

↑ Eccentricity

 Overlap

↓ Effective drag force

a) b) c)

d) e) f)

Counter flow
Negligible flow

↑ Parasitic drag force

↑ Parasitic drag force

225°

Slight flow

Diverted flow

Diverted flow

270°

115°

135°

↑ P

↑ Effective drag force

Figure 20. Aerodynamic behavior diagram of the rotor with multi-blade profile at the significant points of performance: (a)
azimuth angle (θ) of 10°, (b) 45°, (c) 115°, (d) 135°, (e) 225° and (f) 270°.
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Figure 21. Difference between the torque coefficient (CT) of each rotor, at a TSR of 1.0996.

As can be seen in Figure 21, the position in which the greatest performance advantage
occurs between both rotors corresponds to a θ close to 115° (and its homologous at 295°).
Likewise, the position in which the greatest decrease in performance is revealed is close
to 185° (and its homologous at 5°). When comparing the graphs of Figures 19 and 21, it is
possible to conclude that the blades that are at the back, respecting the flow (90° to 270°),
are the greatest contributors in the performance differences between both rotors.

Similarly, in Figure 21, it can be seen that the addition of secondary elements allows
reducing the fluctuation in torque, partially decreasing performance at the peaks, but
almost completely canceling the negative torque. Thus, the standard deviation decreases
from 0.31 to 0.23, which means a reduction of close to 35%.

In the contour graphs, the states of pressure and flow velocity through the geometries
being studied are presented. In Figure 22, it can be seen that the pressure on the concave
side of the advancing blade is higher in the multi-element profile than in the profile
without secondary elements, when the rotors are in the position of the greatest advantage
in performance. This higher pressure also induces a slightly higher flow through the gap
generated by the profile’s splitting (Figure 23).

Figure 22. Pressure contour graphs for the split Bach profile (left) and the multi-blade Bach profile
(right) at a rotor azimuth angle (θ) of 115° and a TSR of 1.0996.

In Figure 23, a region of higher velocity can be seen on the secondary element of the
returning blade, generated by the flow that deflects this surface toward the concavity of the
main element, which consequently can mitigate the depressurization that is generated in
this area (Figure 22). This can help counteract the additional resistance that the secondary
element surface supposes on said blade.
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Figure 23. Velocity contour graphs for the split Bach profile (left) and the multi-blade Bach profile
(right) at a rotor azimuth angle (θ) of 115° and a TSR of 1.0996.

When the rotors are in the position with greatest decrease of performance (Figure 24),
there are no relevant differences in the pressure on the reference blade that justifies their
low performance, so it can be attributed to the greater resistance generated by pressure
and friction from the additional surface.

In the same way, an area of higher pressure can be evidenced on the secondary element
of the opposite blade, which promotes the superior performance of the multi-element rotor
in the following positions, by diverting a part of the flow toward the concavity of the main
element (Figure 25).

Figure 24. Pressure contour graphs for the split Bach profile (left) and the multi-blade Bach profile
(right) at a rotor azimuth angle (θ) of 185° and a TSR of 1.0996.
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Figure 25. Velocity contour graphs for the split Bach profile (left) and the multi-blade Bach profile
(right) at a rotor azimuth angle (θ) of 185° and a TSR of 1.0996.

4.2. Manufacturing Feasibility

The multi-element geometry of the developed wind rotor largely preserves the con-
structive and operational simplicity that characterizes the Savonius type rotor. As can be
seen in Figure 8, the plates installed at the ends of the rotor allow the assembly of secondary
elements without requiring substantial modifications.

In the same way, every element that constitute the blade can be made of the same
material. The additional material involved in the manufacture of the secondary elements
represents only 21% of the material required by the main elements.

One of the main constructive advantages that is conserved in this new rotor is the
possibility of manufacturing the blades from sheets of any material suitable for operating
conditions, and which, keeping the required thickness, allow them to be shaped according
to the geometry.

5. Conclusions

In this research, the optimal proportions of the secondary element of a multi-element
geometry in a Savonius rotor with a split Bach type blade profile without an intermediate
shaft wer numerically determined. The results showed that every factor analyzed had a
statistically significant effect on the power coefficient in the experimental domain studied.
Likewise, it was observed that there is a great interaction between the factors that determine
the distance between the elements of the blade. The optimal dimensions obtained for said
profile are 96.81, 17.43, and 9.4 in percentage values of the rotor diameter, for the parameters
O, P, and Q, respectively.

Although the full factorial experimental design had greater acceptance within the
purposes of this research, the face-centered central composite design allowed the rotor per-
formance to be modeled with great adjustment, saving a third of the number of treatments.

The conventional semicircular profile rotor established as a reference, presented a
CP of 0.195 in a flow close to a Reynolds number of 6 × 104 and a blockage ratio of 2%.
Likewise, the geometry with the split Bach type profile without secondary elements allows
reaching a CP of 0.2661. In turn, the rotor with the multi-element profile optimized using
the response surface methodology presented a CP of 0.2948, under the same conditions,
which represents an increase of 51.2% and 10.8% in performance, respectively.

It was determined that the secondary element favors the performance during much of
the advancing phase of the blade, when it receives the flow directly. In the last part of this
phase and in the first half of the returning phase, a loss in performance is generated mainly
due to the greater resistance that the additional surface implies. During the second half
of the returning phase, there are no significant differences, which may be due to a slight
increase in performance that allows to counteract the additional resistance.
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Likewise, the rotors with conventional semicircular, split Bach, and multi-blade Bach
profiles were experimentally studied using a wind tunnel under the same conditions
established in the simulations. The numerical results used for verification were obtained
from the simulation of computational replicas from the experimental setup of each rotor,
considering the three-dimensionality and the degrees of freedom of the system. The
difference between the results of the multi-blade Bach profile and the split Bach profile
was found to be approximately half the difference between the latter and the conventional
semicircular profile, both in the numerical and experimental approach.
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