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Abstract: In recent decades, the intensive development of renewable energy technology has been
observed as a great alternative to conventional energy sources. Solutions aimed at individual
customers, which can be used directly in places where electricity is required, are of particular interest.
Small wind turbines pose a special challenge because their design must be adapted to environmental
conditions, including low wind speed or variability in its direction. The research study presented in
this paper considers the energy efficiency of a small wind turbine with a horizontal axis of rotation.
Three key design parameters were analyzed: the shape and inclination of the turbine blades and
additional confusor—diffuser shape casings. The tests were carried out for three conceptual variants: a
confusor before the turbine, a diffuser after the turbine, and a confusor—diffuser combination. Studies
have shown that changing the shape of the blade can increase the analyzed wind turbine power by
up to 35%, while changing the blade inclination can cause an increase of up to 16% compared to the
initial installation position and a 66% increase in power when comparing the extreme inclination
of the blades of the tested turbine. The study has shown that to increase the wind speed, the best
solution is to use a confusor—diffuser configuration, which, with increased length, can increase the air
velocity by up to 21%.

Keywords: small wind turbine; horizontal-axis wind turbine; diffuser/confusor augmented wind
turbine; wind concentrators; computational fluid dynamics

1. Introduction

The increase in greenhouse gas emissions, high energy consumption, and depletion
of natural resources are just some crucial factors that contribute to the development of
alternative-energy-source technologies. Renewable energy is a fundamental element of
the sustainable energy strategy. Due to its inexhaustible potential, its affordability, the
reduction in pollution, and the availability of new technologies on the market, renewable
energy sources are an interesting alternative to generating energy based on fossil fuels.
Among the solutions commonly used and available on the market, there are photovoltaic
panels, wind turbines, and hydroelectric power plants. In recent years, wind power plants
have gained popularity. Wind potential has long been widely used by humans in everyday
life, initially in navigation and as a driving force for windmills used in pumping water
systems or mills. Currently, many solutions are available on the market, differing in
construction, electrical power, and turbine size.

1.1. Wind Energy

Wind energy has become one of the most dynamically developing industries in recent
years. Extensive wind farms are a common element of the landscape of many countries.
In addition, more and more wind turbines are being installed on the roofs of buildings or
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nearby. The wind turbine is the most important element of every wind power plant that
converts the kinetic energy of the wind into useful electrical energy. The design parameters
of the turbine determine the properties and power achieved by the wind power plant.

Depending on the position of the axis of rotation of the turbine rotor, Horizontal-Axis
Wind Turbines (HAWT) and Vertical-Axis Wind Turbines (VAWT) turbines are distin-
guished. Currently, the most commonly used solution involves large wind turbine sets
with a horizontal axis, where the height can reach a height of up to 100 m. The production
of wind power plants depends on the design of the wind turbines and the wind speed.
Turbines with a vertical axis of rotation are increasingly being used in urbanized areas,
where they are installed directly on buildings. The blades of this design generate less noise,
and their main advantage is their independence from changes in the wind direction, as
they do not require the use of mechanisms for setting up against the wind direction, unlike
turbines with a horizontal axis. This type of construction could operate at low values of
wind velocity and is characterized by a simple, easy-to-maintain structure [1].

1.2. Energy Efficiency of Wind Turbines

Wind energy is a widely available source of energy that can be effectively converted
into electrical energy using appropriate technologies. Existing mathematical formulas
allow the estimation of the electrical power that could be obtained from the operating wind
turbine. This formula presents the relationships of the amount of generated energy that can
be obtained from the wind under a given wind speed, dependent on the device efficiency
resulting from the turbine design. The value of the power P generated from the wind can
be estimated from the following formula [2]:

p= cp-g-A.vw?’ )

where p is the air density (kg/m?), v, is the air velocity (m/s), A defines the swept area of
the blades (m?), and Cp denotes the power coefficient.

This equation shows the importance of the wind velocity, which is in the third power.
Wind speed is the main factor taken into account in the analysis of wind energy. Doubling
the wind speed causes an eight-fold increase in the wind turbine power. The power of the
wind turbine also depends on the area swept by the turbine blades, which signifies the
advantages of large wind turbine blades. The formula also includes the power coefficient
Cp, which expresses the degree of utilization of the total wind power. According to Betz’s
theory, the maximum possible value of C), is approximately 59% [3]. The power coefficient
depends on the type of wind turbine and changes for a given design, depending on the
tip speed ratio (TSR), which expresses the ratio of the velocity of the blade tip to the wind
speed [2]. Figure 1 presents the power coefficient C, values for different wind turbine
solutions and the different values of the tip speed ratio (TSR).

1.3. Optimization Solutions to Increase the Efficiency of Wind Turbines

Commercial wind turbines are currently made mostly with a horizontal axis of rotation
and with three blades. They constitute about 95% of all installed turbines [4]. A small
percentage of the market is covered with wind turbines with a vertical axis of rotation.
Currently offered devices are mostly large structures, typically designed and optimized as
free-standing devices. Very often, designers or constructors do not consider interactions of
the wind turbine with the surrounding constructions. The widespread increased interest in
distributed energy is a contribution to scientists’ attention to small wind turbines intended
for individual purposes. One of the main limitations in domestic application is the low wind
speed and high turbulence intensity caused by the roughness of the terrain and existing
buildings. An additional challenge is the prediction of the actual efficiency of small wind
turbines due to the difficulties in estimating wind conditions in a given location without
having detailed measurements [5]. For this reason, research in this area mainly focuses on
optimizing the structures used to improve their efficiency in unfavorable conditions.
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Figure 1. Dependence of the power coefficient C, on the TSR for different types of wind turbines.
Based on [1].

In the literature, several analyses of the shape of blades or rotors and their impact
on the obtained power can be found [6-11]. At the design step, it is necessary to consider
not only the maximization of efficiency and minimization of the costs of obtained electric
energy, but also operational problems such as the start-up velocity and the low wind speed
at which the turbine should also operate [10]. Rezaeiha et al. [11] analyzed the effect of the
blade pitch angle on the efficiency of a turbine for a VAWT. The results of CFD simulations
indicate a clear dependence of the load distribution on the pitch angle, which gives greater
possibilities for optimizing the efficiency of the wind turbine.

A good solution for small domestic installations in areas with low and time-varying
wind velocity appears to be the application of vertical-axis wind turbines [12,13]. Small
vertical-axis wind turbines can be an effective solution, especially for zero-energy buildings
and urban models of distributed energy generation. Due to the significant dependence of
turbine operation on wind velocity, a thorough environmental analysis is necessary when
designing the installation, allowing the selection of an appropriate turbine construction and
location. It is particularly crucial to include in the analysis the interactions between winds,
buildings, and the topology of the urban area [14-17]. To improve the efficiency of wind
turbines, they are most often placed on the roofs of buildings. This allows for reducing the
interference related to turbulence caused by the interaction of the wind with the ground and
buildings [18]. High turbulence intensity can result in lower energy production as well as
higher mechanical stresses on the turbine components [19]. The Savonius turbine analyzed
in the wind tunnel [20] showed that high-intensity turbulent flow affects the fluctuations
of the loads acting on the turbine blades and consequently impacts the efficiency of the
entire device. According to the measurements, for wind speeds below 7 m/s, the energy
generated during high-intensity turbulent flow exceeded that obtained with a uniform flow
of the same speed. After exceeding the certain velocity of wind, the energy generated for
turbulent flow was significantly lower.

Efficiency can be improved by increasing airflow onto the wind turbine rotor. In the
literature, several methods can be found to increase airflow, for example, by using “diffuser
augmentation”. A diffuser-augmented wind turbine (DAWT) has a diffuser installed
downstream of the blades or a concentrator upstream to increase the flow speed acting on
the blades [3]. There are many ducted or shrouded solutions for wind power applications,
especially for small systems for individual users. This interest is mainly related to the
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fact that such wind turbines can be significantly more efficient than similar rotors under
free-flow conditions [21]. The subject of many studies [22-25] was to analyze the use of
additional elements to increase the velocity of the air acting on the rotor, typically in the
form of diffusers or concentrators. Bontempo et al. [26] presented a numerical analysis
of the rotor enclosed in a profiled shroud. The authors noted that although an additional
shroud for an existing turbine increases the turbine efficiency, significantly higher gains
can be achieved by designing both the blades and the housing simultaneously to adapt
the rotor geometry to the flow characteristics. In the study by Sridhar et al. [27], the
authors analyzed the effect of diffuser geometric parameters, including the presence of
slits and bleed air holes (the slotted DAWT). Their study showed that both slotted and
non-slotted DAWTSs obtained higher efficiency than the open wind turbine. Additionally,
the slotted diffuser allowed for a 31% increase in air velocity compared to the full casing.
Bontempo et al. [28] presents an approach to evaluating the performance of an optimal
Joukowsky (free-vortex) rotor enclosed in a duct of general shape. Refaie et al. [29] studied
an augmented horizontal-axis wind turbine. The authors analyzed the performance of the
wind turbine through numerical investigation and an Archimedes-spiral wind turbine was
selected as a test case. The main aim was to specify the optimal design, including additional
concentrators, and therefore, to obtain the best performance of wind turbines for urban
areas. Teklemariyem et al. [30] investigated the optimization of the geometry of the diffuser
to increase airflow through the HAWT rotor. The analysis included different cross-sectional
shapes, variable diffuser angles, and the presence of a flange. The obtained results allowed
for the selection of a diffuser that would allow for the highest inflow velocity. Similar
research was carried out by Shambira et al. [31]. The authors developed a diffuser design
optimization model in the context of selecting the most appropriate geometric dimensions
to achieve the highest flow velocity. Among the geometric parameters analyzed, in addition
to the lengths of individual sections of the concentrator-throat-diffuser set, the diffuser and
concentrator angles and flange height were also included. Based on the statistical analysis,
it was noted that the concentrator length and diffuser length turned out to be the factors
with the greatest influence, resulting in the highest increasing velocity.

This paper focuses on the influence of the design of a small wind turbine on energy
efficiency. Among the parameters studied, both the shape and inclination of the rotor
blades as well as the use of additional wind-concentrating elements were analyzed. The
work was divided into two stages. In the first stage, experimental tests of different blade
shapes on the achieved efficiency of the wind turbine were carried out. The angle of the
blade was also taken into account during the measurements. In the next step, the influence
of the additional aerodynamic shield on the air velocity flowing onto the turbine rotor
was analyzed.

2. Materials and Methods

Commercial wind turbines are currently made mostly with a horizontal axis of rotation.
One of the main limitations in domestic applications is the low wind speed. HAWTs are
characterized by a higher power coefficient C;, but require higher wind speeds than VAWTs.
Due to the small amount of data for horizontal-axis wind turbines of small diameter and
operation at low wind speeds, the research in this article was focused on such an object.

The basic practical parameter that characterizes a wind turbine, crucial for potential
users, is the electrical power that can be generated. Available turbines, especially for
individual use, differ significantly in construction, number, as well as the shape of the
blades. The experimental study carried out concentrates on measurements of the power
generated by wind turbines and includes the effect of the shape of their blades and their
inclination on the power and, as a consequence, on obtained wind turbine performance.
With the development of computational fluid dynamics (CFD), numerical studies of wind
turbines have become increasingly popular and attractive. Simulation studies involve a
lower cost than experimental measurements in a wind tunnel. Numerical analyses are used
to develop the optimal blade shape and also to determine the performance of the entire
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turbine. An interesting issue analyzed using CFD is the impact of additional elements
on turbine performance. The numerical analyses described in this article concentrate on
evaluating the possibility of increasing the velocity of air coming over the turbine blades.
The possibility to increase air velocity is extremely attractive from a wind turbine power
perspective. As can be seen in the formula (Equation (1)) for the amount of power generated
by a wind turbine, air velocity is one of the most important factors affecting power output
because it appears in the formula at the third power. The research presented in this paper
is divided into two parts, as described in the previous chapter.

2.1. Experimental Set-Up and Methodology

A research study has been carried out for horizontal-axis wind turbines with a diameter
of up to 2 m. The laboratory tests were constructed to determine key turbine parameters
under various conditions. The first step of testing consisted of determining the power
generated by four different wind turbines, which differ in shape and also in the number
of their blades. The second step of testing was performed only for the wind turbine
characterized by having the best results from the first step of the evaluation, and this was
intended to estimate the effect of the angle of attack of the turbine blades on its basic
performance parameters. For the purpose of determining the effect of the angle of attack
of the turbine blades, each of the turbine blades was individually rotated using plastic
wedges. Wedges with different angles were used in the tests. During the laboratory tests,
the turbine’s rotational speed and the power generated by the turbines were measured in
detail. All tests were carried out at constant wind speed and for various electrical loads
of wind turbine generators. Measurements were performed for an air velocity equal to
8 m/s and the maximum rotational speed of the turbine rotor equal to 450 RPM. During the
laboratory test, the electrical load was connected to the turbine’s electrical generator and
its value was set up during the measurements. The laboratory test stand was equipped,
among other things, with an inverter-controlled set of 9 fans that were able to simulate
wind velocity at the required level of magnitude and profile, as well as with a programming
DC electronic load connected to the turbine electric generator RND 320-KEL103. Figure 2
shows the laboratory test stand including the above-described elements.

(@ (c)

Figure 2. The laboratory stand: (a) fans’ array simulating wind; (b) programming DC electronic load;

and (c) plastic wedge to change blade inclination.
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The shape of the turbine blades used in the study is shown in Figure 3.

o o y N &

(b) BL2 =

() BL3 '“.

(d) BL4 =2

Figure 3. Rotor turbine blades with different shapes: (a) BL1; (b) BL2; (c) BL3; and (d) BL4.

The first type of turbine, indicated as BL1, was characterized by blades with the largest
chord, and the rotor used in this test consisted of 5 blades. The results for the second turbine
were labeled BL2. This turbine was characterized by three blades and the second-largest
chord of the tested blades. The rotors composed of BL3- and BL4-shaped blades were
measured as five-bladed wind turbines, with the blades of the BL3 turbine having the
smallest chord of all those tested.

2.2. Numerical Simulation Methodology

Numerical analyses were carried out to evaluate the velocity of incoming air in the
cross-section of a wind turbine blade assembly. Simulations were carried out with Ansys
Fluent 2020 R2 [32,33]. Analyses were performed for different shapes of aerodynamic
shields added to the wind turbine constructions. It should be noted that a restriction was
applied to the analyzed variants of the elements. The entire assembled system could not
extend beyond a cube with a side length of 2000 mm. An additional assumption was that
the device must be prepared so that the turbine rotor can be mounted inside a ring with a
diameter as large as possible, i.e., of 1950 mm. Due to construction limitations, the length
of the ring should be equal to 300 mm, thereby the total length of the aerodynamic shield
(confusor or diffuser) can be maximally 1700 mm.

The CFD analyses were performed to verify the effect of the application of additional
aerodynamic elements like a confusor or diffuser on the incoming air velocity to the rotor
section at a constant wind speed equal to 3.0 m/s. The performed numerical analyses can
be divided into two steps. The first step focuses on comparing the obtained velocities in
the plane of a hypothetical wind turbine rotor using circle-to-circle and circle-to-square
transitions in the diffuser or confusor versions. Figure 4 presents the geometries used in
the numerical simulation.
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(b)
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Figure 4. The geometry of the aerodynamic shield with: (a) increasing cross-sectional area (diffuser),
circle to circle; (b) decreasing cross-sectional area (confusor), circle to circle; (c) increasing cross-
sectional area (diffuser), square to circle; and (d) decreasing cross-sectional area (confusor), circle to
square. The green arrow indicates the wind direction.

The analyses were carried out for five different lengths of these elements, by the
reduction in the confusor or the diffuser length in the analyses. At the first step of the
analysis, numerical simulations were used to estimate which one circle—circle or circle-
square transition allows higher air velocities just before the rotor section. The second
step consisted of evaluating the velocity of incoming air but with the confusor—diffuser
configuration integrated into the more favorable version based on the analysis from the
first step.

To perform numerical simulations, it is necessary to first prepare a computational
model. The model set-up can be divided into three steps. The first step includes preparation
of the geometry of the component under analysis and the surrounding environment. The
next step is to generate mesh. The final step is the implementation of the required equations
to perform calculations and analyze the results. Figure 5 presents the workflow for the
simulation of the aforementioned problem, with all key steps highlighted.
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Figure 5. Block scheme of the workflow used for the simulation of the ducts.

To carry out the analyses, 3D models of the geometries were developed; due to their
symmetries (geometrical symmetries and boundary condition symmetries), calculations
were performed for one-quarter of the model geometry using the symmetry plane—see
Figure 6a. The polyhexcore meshes were applied for the analyzed domain [34]—see
Figure 6b,c.

In order to properly capture the boundary layer flow, the mesh was refined close to
the walls using 20 inflation layers near the walls (first layer thickness set as 0.00015 m with
growth ratio 0.272). For all tested cases, the dimensionless wall distance y+ does not exceed
5. Mesh refinement was also applied to the volume around the test element. The test case
used a mesh with a size of 600.000 elements. The settings and size of the mesh were selected
based on the comparison with two other configurations with a higher number of control
volumes, at 1.3 million and 2.4 million, respectively. The difference in average air velocity
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was approx. £0.2% for both cases. Additional refinement with the element size of 0.04 m
was applied around the walls of the structure to capture the vortex behavior as well as
avoid rapid changes in mesh size through the domain.

(a)

(b)

(©)

Figure 6. Computational domain: (a) geometry; (b) mesh—the entire computational domain; and
(c) mesh—an increase in local mesh density around the wall of the aerodynamic shield.

The k-w SST turbulence model was used in the simulation [35]. The k-w SST model
is a model that combines the advantages of the k-¢ model and the k-w model. The k-¢
model resolves the turbulent flow properly in free flow and the shear layers well and is
characterized by low sensitivity to the inlet conditions for quantities describing turbulence.
The k-w model, on the other hand, resolves turbulent flow structures in the boundary layer
much better than the k-¢ model. The calculation uses a cuboid as the computational domain.
At the entrance to the computational domain, the “velocity inlet” boundary condition was
used with a constant value equal to 3.0 m/s. The “pressure outlet” boundary condition was
applied at the domain exit. For both inlet and outlet, the turbulence intensity was set to 5%
and the viscosity ratio to 10. The symmetry condition on the side walls of the domain was
used. No-slip boundary conditions were applied on the walls. The pressure-based solver
and SIMPLE algorithm were applied. The discretization schemes used for calculation were
second-order upwind schemes and for gradient least squares, cell based.

3. Results
3.1. Effect of the Blade Shape and Inclination Angle—Experimental Results

The performance of the small wind turbine with different blade shapes and dif-
ferent numbers of blades was analyzed. Based on the laboratory measurement results,
Figure 7 was plotted. It represents the wind turbine power P as a function of the turbine
rotational speed.

As the rotational speed increased, the power output increased for all of the tested
wind turbines. Once the turning point was reached, the power output began to decrease.
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For almost all rotational speeds, the highest values of the power output P were obtained for
the five-bladed wind turbine with the largest chord, labeled as BL1. The results obtained
for the turbine composed of blade types BL3 or BL4 were very similar, especially for
higher rotational speeds, and simultaneously lower than for the turbine composed of
blades labeled BL2. The maximum power was achieved at around 350 RPM for all tested
configurations. Comparing the values obtained for the individual turbines at this rotational
speed, the BL2 turbine produced about 5% less power than the BL1 turbine, the BL3 turbine
about 26%, and the BL4 turbine about 35% less power than the BL1 turbine. For a rotational
speed of around 400 RPM, the wind turbine with blades labeled BL2 obtained slightly
higher performance than the BL1 turbine. The wind turbine with blades BL2 generated
approx. 8% higher power than BL1 at this rotational speed, while the BL3 wind turbine
had approx. 35% and the BL4 turbine approx. 40% lower power than the five-blade BL1
wind turbine.

—e—BL1 —&-BL2 —e—BL3 —e—BL4
250

200

100 150 200 250 300 350 400 450
Rotational speed, RPM

Figure 7. The power output P of the wind turbine as a function of the turbine rotational speed.

Based on the analysis presented above, to evaluate the effect of the blades’ inclination
angle on the wind turbine power output, a turbine with five blades of the BL1 type was
selected. Tests were carried out for no blade inclination (0°) and tilt angles of +3°; +6°
(clockwise) as well as —3°, and —6° (counterclockwise), respectively. Figure 8 shows the
wind turbine’s power output as a function of the turbine rotational speed for the tested
inclination angles of the blades BL1.

&—+6° —8—+3° —e—(0° —e—-3° —e—-F°

100 150 200 250 300 350 400 450
Rotational speed, RPM

Figure 8. The power output P of the wind turbine as a function of the turbine rotational speed for
various inclination angles of wind turbine blades BL1.
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It has been found that modification in the inclination angle of the blades in the wind
turbine had a significant effect on the power output. By comparing Figures 7 and 8, it is
apparent that the BL1 inclination angles of the blades could influence the output power
of the turbine more significantly than the shape of the blade. During the analysis, it was
evaluated that the highest power outputs were achieved with the blades set at the “+”
clockwise angle of attack. For the measurements carried out, the highest power output
was obtained for the +6° angle of attack, which resulted in a 16% increase in peak power
compared to blades at the base setting and a 66% increase in comparison to blades with the
angle of —6°.

3.2. Effect of the Aerodynamic Shield on the Air Velocity in the Rotor Section—Numerical
Simulation Results

With numerical research, it is possible to develop a geometry of the aerodynamic shield
and assess its ability to increase the average velocity in the rotor cross-sectional plane. As
presented in the section describing the research methodology, the numerical analyses began
with a comparison of different types of shields dedicated as accessories to wind turbines.
In the first stage, the velocity distributions inside and around the aerodynamical shield
were compared for four shapes of elements, i.e., two diffusers (circle—circle and circle—-
square) and two confusors (also circle—circle and circle-square). The results are presented
in Figure 9, which contains the velocity distribution in the symmetry plane of the shield
for each of the analyzed types of elements for the length L = 666 mm. All drawings were
prepared for a common velocity scale.

Velocity Magnitude
[m/s]
4.50

4.30
410

2.50

(b)

(©) (d)

Figure 9. Velocity distribution inside and around the shield for the following configurations: (a) dif-
fuser circle-to-circle; (b) confusor circle-to-circle; (c) diffuser square-to-circle; and (d) confusor circle-
to-square.
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When comparing the velocity distribution in the analyzed configurations, it should
be noted that the most important aspect is the velocity in the rotor section. It should
be emphasized that in the case of diffusers, this is the section at the beginning of the
aerodynamic shield, while in the case of the confusor, it is at its end. As can be seen, for
both variable and constant cross-sectional shapes, the diffuser configurations allow for
obtaining significantly higher velocity values in the rotor section than the confusor variants.
The results for circle-to-circle shapes (Figure 9a,b) show that the flow is more even and
without accumulations or local increases in velocity. Changing the shapes, on the other
hand, causes local accumulation, and thus a more uneven velocity distribution in the inlet
section. Analyzing Figure 9c¢, i.e., the square-to-circle diffuser, the highest velocities are
visible locally at the shield walls. The values there are noticeably higher than any other
presented variants. In turn, analyzing Figure 9d, one can observe a low velocity at the inlet
of the circle-to-square confusor, also resulting from a much larger cross-section of the cover.
However, looking at the rotor sections, an increase in the flow velocity and a fairly uniform
flow is visible.

Analogous analyses were performed for other shield lengths. The obtained results can
be plotted as a function of the length of the diffuser/confusor in the circle-to-circle and
circle-to-square configurations of the aerodynamic shield set-up (see Figure 10).

—e—Diffuser circle-square @ Diffuser circle-circle
36 —&—Confusor circle-square ®— Confusor circle-circle
: //‘ o
L —e

3.5

3.4
U
S~
g€ 33 [o-
=y
Q
D 32 | TN b e T —— o -
>

3.1

3.0 — ®

29

300 500 700 900 1100 1300 1500 1700

Length, mm

Figure 10. Velocity in a cross section as a function of the diffuser and confusor lengths in the
circle-to-circle and circle-to-square configurations.

For the circle-to-square diffuser configuration, increasing the length of this element
increases the air velocity in the rotor plane section. For the longest version of the diffuser
analyzed, a 1% increase in velocity was obtained compared to that of the diffuser with the
smallest length. As can be seen, the increase, although it occurred, is very small. For the
circle-to-circle diffuser configuration and both confusors, an increase in their length results
in a decrease in air velocity. The velocity reduction of 8% for the confusor circle-to-square
configuration, 4% for the diffuser circle-to-circle configuration, and less than 0.5% for the
confusor circle-to-circle configuration was observed, respectively. Furthermore, as can be
seen in Figure 10, for the diffuser circle-to-square configuration, a higher velocity of 8% was
achieved than for the diffuser circle-to-circle configuration. Simultaneously, for the diffuser
circle-to-square configuration, it was possible to obtain approximately an 8% higher velocity
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than for the diffuser circle-to-circle configuration. For the circle-to-circle configuration, the
aerodynamic shield gives lower air velocity values than the circle-to-square variant. These
correlations are evident for both the confusor and the diffuser.

The conclusions drawn from the above analysis allowed for the assumption that a
combination of these two elements can be a good solution to increase the air velocity
in the rotor section of a wind turbine. The set consisted of a module with a decreasing
cross-section (confusor) at the inlet, the rotor section, and a module with an increasing
cross-section (diffuser) behind it. Since significantly better results were achieved for the
circle-to-square cross-section, further analysis was conducted for a combined confusor and
diffuser system in the circle-square version. Figure 11 presents an example of geometry
used in the numerical simulation.

Figure 11. The geometry of the confusor—diffuser configuration used in the numerical simulation.

The calculations performed included various variants differing in the length of indi-
vidual sections. The analysis was carried out assuming that the total length of the tested
system should be 1966 mm. This length already includes the circular ring with a length of
300 mm, which is designed for the rotor. The study focused on four variants with different
lengths of the components. The details of the selected variants subject to analysis are
presented in Figure 12.

Le

[ 1 r J
= ! Configuration CD_1 CD_2 CD_3 CD_4
Le, mm 111 222 333 833
1950mm L4, mm 1555 1444 1333 833
Le+d, mm 1666 1666 1666 1666
Liotal, mm 1966 1966 1966 1966
dre

Figure 12. Framework of different variants for the lengths of combined diffuser and
confusor elements.

For each of the variants, a geometric model was prepared, which then constituted the
basis for the meshing process and numerical calculations. The assumptions and settings
adopted were consistent with those used at the analysis stage of the individual elements
(diffusers and confusors). Based on the CFD results, the average incoming air velocity into
the rotor section of the wind turbine was analyzed. The summary of the values obtained is
presented in Figure 13.
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Figure 13. The average velocity in the rotor cross-section for the tested confusor—diffuser (CD) sets
(according to Figure 12).

For the configuration labeled CD_4, the air velocity in the analyzed section was the
highest. For the longest length of the confusor in the combined confusor and diffuser
system, a 13% increase in velocity was obtained compared to the combined confusor and
diffuser system with the smallest length of the confusor (CD_1). Lengthening the diffuser
part of the combined set increased the velocity at the rotor cross-section. The highest
increase in air velocity occurred when the lengths of the confusor and diffuser were the
same. The results for configuration that allow for the highest velocity in the rotor section,
i.e., CD_4, will be presented in detail below. Figure 14 shows the velocity distribution
inside and around the aerodynamic shield CD_4. Figure 14a presents pathlines in the 3D
view of the model. The velocity field and velocity vector distribution in the plane of the
longitudinal section of the tested element are presented in Figures 14b and 14c, respectively.

As can be seen, the higher velocities are obtained in the middle of the distance between
the inlet and outlet of the shield, i.e., in the rotor section. An increase in local velocities
closer to the shield walls is also visible. Flow analysis, similar to the example presented, was
performed for each configuration included in the research. On this basis, it was possible to
assess the flow characteristics and the potential in the context of increasing the speed in the
rotor section.

Velocity Magnitude
_Ims]
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3.90
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270
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=

Figure 14. Cont.
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Figure 14. Air velocity inside and around a condenser—diffuser shield CD_4: (a) pathlines; (b) velocity
field; and (c) velocity vectors.

To summarize, for a combined system of a confusor and a diffuser with the same
length of 833 mm (configuration CD_4), a velocity in the rotor cross-section increases up to
approximately 3.63 m/s. For the combined confusor and diffuser system, this translates
into a significant air velocity increase of about 21% compared to the incoming air velocity.

4. Discussions

The results of the experimental studies provide important information on the influ-
ence of the blade shape and pitch angle on the efficiency of wind turbines. Additionally,
numerical simulations allowed us to assess the effectiveness of using additional aerody-
namic shields, such as diffusers/confusors, to increase the air velocity flowing through the
turbine blades.

4.1. Effect of the Blade Shape and Inclination Angle

The analysis of the experimental results clearly shows that the shape of the blades
and the number of blades have a significant influence on the efficiency of the wind turbine.
Among the tested configurations, the turbine equipped with five blades with the largest
chord (BL1) generated the highest power at almost all rotational speeds. Compared with
other configurations, the differences in performance were clear—BL1 obtained about 5%
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more power than BL2, 26% more than BL3, and as much as 35% more than BL4. These
results show that the appropriate shape of the blades and their number can lead to the
improved efficiency of wind turbines.

Another important factor influencing turbine performance was the blade pitch angle.
Changing the blade pitch angle of the BL1 blades had a clear effect on the turbine output
power. The best results were achieved at an angle of +6° (clockwise), which resulted in a
power increase of 16% compared to the blades set in the initial position and 66% compared
to the blades set at —6°. These results indicate that optimizing the blade pitch angle can
significantly improve the performance of wind turbines, even more than modifying the
blade shape itself.

4.2. Effect of the Aerodynamic Shield on the Air Velocity in the Rotor Section

Numerical simulations carried out for different aerodynamic shield configurations
showed that the use of properly designed diffusers and confusors can significantly affect
the air velocity entering the turbine blade section. The results showed that for the diffuser
configuration with a circle-to-square transition, extending its length leads to an increase
in the air velocity in the rotor plane. The greatest increase in speed, by about 13%, was
achieved with the longest version of the confusor combined with a diffuser of the same
length. Based on this research, it can be concluded that appropriate optimization of the
length and shape of aerodynamic shields can significantly improve the efficiency of wind
turbines by increasing the speed of air reaching the blades, which directly translates into
greater power generated by the turbine.

5. Conclusions

In this paper, the impact of the design parameters on the power output of a small wind
turbine has been analyzed experimentally and using numerical modeling. The shape of the
rotor blades and inclination of the rotor blades as well as the use of additional aerodynamic
shields were analyzed.

The analysis indicates that the power output of the wind turbine is strongly influenced
by the type of blade and the angle of the blades” inclination. The study showed that the
best results were obtained by the turbine with blades labeled as BL1. At the same time, the
power output for each type of blade depends on the rotational speed. Comparing the values
obtained for the individual turbines at a rotational speed of 350 RPM (for most of the tested
rotors the maximum power output was achieved around this value), the wind turbines
generated approximately 5% to 35% less power, depending on the type of wind turbine
blades. The results also indicate the importance of the inclination angle of wind turbine
blades. By changing the angle of inclination, up to a 16% increase in power generated by
the wind turbine under study was achieved.

The power output of the wind turbine is highly dependent on the wind velocity, as
can be deduced by a well-known formula (Equation (1)). Even a small increase in wind
velocity can result in significant growth in electrical power. The presented results show
that the optimized combined confusor and diffuser set allows for increasing the incoming
air velocity on the rotor section. Adequate aerodynamic shapes make wind turbines more
efficient and perform better. In the analyzed configuration, an approximate 21% increase in
wind speed was observed, resulting in an increase of 77% in wind turbine power output
(assuming a constant C,, coefficient).
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