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Abstract: To study the output power and wake flow characteristics of a wind turbine with swept
blades, taking the blade tip offset and the location of the sweep start as two variables, the straight
blade of the DTU-LN221 baseline airfoil was optimally designed with sweep. Then the designed
wind turbine was numerically simulated, and the swept blade with the best optimal output power
characteristics was selected for the wind tunnel test. The results indicate that for both forward and
backward swept blades, increasing the blade tip offset and the sweep start location could decrease
the power and thrust coefficients. Compared with the backward swept design, the forward swept
design significantly improved the blades’ power characteristics. By adopting swept blades instead
of straight blades, wind turbines could generate more power at high tip speed ratios, especially in
yaw conditions. The streamwise velocity recovery of the wind turbine with swept blades was slower
than that with straight blades as the lateral velocity near the wake region was higher than that with
straight blades. Besides, the wind turbine with swept blades had a greater turbulence intensity of the
wake near the wake center than that with straight blades with or without yaw condition.

Keywords: swept blade; small-scale wind turbine; power coefficient; wake characteristics; wind
tunnel experiment

1. Introduction

With the gradual depletion of traditional energy and the increasing pollution problem,
it is urgent for China to explore clean energy alternatives and take the path of sustainable
development. Among various renewable energy resources, wind energy is abundant
and widely available. The development of wind energy is in line with the demands of
energy structure adjustment, reducing greenhouse gas emissions, and strengthening energy
security. Meanwhile, wind energy technologies have been relatively mature and have
broad prospects for development and utilization [1]. Since wind power development in
high-wind-speed areas has become saturated, development in low-wind-speed areas has
gradually attracted people’s attention (i.e., the average wind speed range of 5-7 m/s) [2].
Low-wind-speed resources in China are mainly concentrated in the mid-east and south
regions, which are close to the areas served by grid load, where the consumption of
industrial development and urban power is tremendous. Hence, it is of great significance
to develop and fully use low-speed wind energy nearby.

The blade is a critical component of wind turbines that is used to harvest energy.
Current wind turbines with straight blades have a low wind energy utilization rate in low
wind speed ranges. Studies have found that bird wings can freely control the flight direction
and speed when facing weak wind [3,4]. Hence, such perfect low-wind-speed control
performance could make great sense when investigating the aerodynamic characteristics of
wind turbines with swept blades in low wind speed ranges. Inspired by the curved shape of
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bird wings, biomimetic blade designs are proposed in current research. However, research
on the performance of wind turbines with swept blades mainly applies the numerical
simulation method, and the small number of available experimental studies provides
insufficient test data to contrast the performance [4]. Khalafallah et al. [5,6] simulated the
wind turbine power and thrust coefficients with swept blades at different tip speed ratios.
They also analyzed the flow field, pressure distribution, and local lateral and streamwise
forces. The results show that, compared with straight blades, the power coefficient of the
wind turbine with swept blades near the blade root could gain the highest value, and it
raised along with the increase of thrust. The best performance was attained when the
location of the sweep start was at 25% of the rotor radius. At the same time, the research
indicated that horizontal axis wind turbines with forward and backward swept blades
could generate more power than other straight blades and swept blades. Amano et al. [7]
studied the design of backward swept blades to improve blade efficiency. The design
aimed to select the appropriate cross-section direction and size according to the oncoming
wind speed. It was found that swept blades could provide better performance at lower
wind speeds, while at higher wind speeds, they provide lower output power than straight
blades. Shen et al. [8] adopted the lifting surface method with free wake to analyze the
improvement effect on aerodynamic characteristics of the wind turbines with swept blades
in contrast to the wind turbines with straight blades. The prediction results revealed that
the lift on the mid-posterior segment of the blade was less than the lift on the forward
swept blade, while the front section of the blade provided more lift. In addition, applying
the backward swept blade helped enhance the wind energy utilization coefficients of the
wind turbine to a certain extent. Kaya et al. [9] evaluated the aerodynamic performance
of the horizontal axis wind turbines with forward and backward swept blades. The
effects of the sweep direction, location of the sweep starts, and blade tip offset on wind
turbines’ aerodynamic performance were also investigated. In view of the results, the
forward sweep blades leave wind turbines with higher thrust coefficients, but lower wind
energy utilization.

Meanwhile, the backward swept blades could reduce thrust coefficients and the output
power of the wind turbines. The lifting line method with prescribed wake was used by
Chattot [10] to study the aerodynamic performance of wind turbines with swept blades.
They found that a proper sweep of the blades could successfully improve it. Even so,
since sweep blades make different effects, the aerodynamic performance depends on how
blades were designed. Through the computational fluid dynamics method, Kong et al. [11]
researched the aerodynamic performance of wind turbines with curved and swept blades,
finding that the forward and backward sweep would have a certain impact on the pressure
distribution at the leading edge of the blade. Owing to the large pressure on the suction
surface of the blade that the bending brings, the aerodynamic characteristics of the wind
turbines were reduced. Chen et al. [12] performed an optimal design on the straight blade.
As a result of the numerical simulation calculation and analysis, the research indicated
that the backward swept blade had a noticeable improvement effect on the dynamic stall
phenomenon of wind turbines. With this discovery, wind turbines could maintain good
aerodynamic performance in high wind speed ranges and boost the output power.

Genetic algorithm, particle swarm optimization, simulated annealing algorithm, and
other optimization algorithms were generally used in the design of swept blades to select
the optimal sweeping shape. Ding and Zhang [13] used the starting position of the swept
curve and the first derivative of the swept curve at the tip of the blade as the design
variables, the maximum AEP (annual energy production) and the minimum blade root
loads as the optimization objectives, and the genetic algorithm for optimization. Based on
the results, swept blades presented an increase in maximum AEP of 1.34% compared with
baseline straight blades, and there was a reduction in blade root load, leading to a decrease
in the wind turbine cost. Pavese et al. [14] examined the role of the backward swept blade
in wind turbines. The backward swept blades produced structural coupling and torsion
toward the tower. As the angle of attack decreased, the coupling eased the load on the wind
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turbine structure. The blade geometry could be altered by adjusting the three parameters
to reduce the load. Wind turbines with moderate backward swept blades were superior
since they did not have to significantly increase the blade root’s torsional limit and fatigue
life to reduce their load. Sessarego et al. [15] explored the application of neural networks
in an aeroelastic simulator with synthetic inflow turbulence. The bending and sweeping
algorithms from the neural network were added to the blade design. The research showed
that neural networks could efficiently design the wind turbine blade when considering
complex aeroelastic simulation scenarios and turbulent inflow conditions. In order to
obtain the correct load distribution of wind turbines with in-plane backward swept and out-
of-plane curved blades, Li et al. [16] simulated the effects of blade shape on aerodynamic
characteristics. What can be known from the study was that the passive load reduction of
wind turbine blades could be achieved via geometric bending and torsion coupling, such
as sweeping the blades backward. Gozcti et al. [17] designed the backward swept blades,
which relieve the load on the blades by torsional deformation and result in an apparent
enhancement in the environmental adaptability of the blade. Moreover, the distribution
of the torsion angle and chord length of the swept blades were analyzed, providing the
basis for further design. In the previously published data, Ashwill et al. [18] designed and
manufactured the STAR swept blade (Sandia National Laboratories, Albuquerque, NM,
USA) with a radius of 27 m. The wind turbine with the STAR blade had an output power
of 10-12% greater than the wind turbine with straight blades, whose rotor radius was 48 m,
and their blade root moments were similar according to static and fatigue tests. The above
tests have proved the aerodynamic superiority of swept blades. Besides, this technology
is also widely used in the design of other turbomachines. The flow field’s stability and
working efficiency could be significantly improved by the sweeping blade [19]. It has
application value in the design verification of transonic blades in the aviation field [20],
low-speed axial flow fans [21], multi-stage compressors [22], and other occasions.

To sum up, current research on swept blades for wind turbines still possesses the
mentioned problems, as it is mainly based on numerical simulation calculations, and the
experimental component accounts for a minor proportion. Therefore, making substantive
progress and breakthroughs in the research is challenging. In addition, the designs of swept
blades, especially for small horizontal axis wind turbines, are still constrained, lacking the
test data for 10* orders of magnitude in the Reynolds number. In the light of the existing
time-domain results, with the decline of the Reynolds number, the output aerodynamic
efficiency of the rotating wind turbine also decreases [23-25]. In view of the current design
methods, the research on wind turbine rotors in low wind speed ranges is insufficient.
Therefore, this paper investigated the performance advantages of swept blades compared
with straight blades by combining numerical simulation with wind tunnel test methods.
Consequently, wind farms located in regions of low wind speeds can benefit from using
the design of swept blades aimed at small horizontal axis wind turbines. This study is
mainly conducted on the aerodynamic and wake characteristics of wind turbines with
swept blades and straight blades, especially investigating the changes in wind turbines
with swept blades. Finally, the conclusion from this investigation is presented. These results
may provide a reference for simulations and algorithm predictions and have a guiding
significance for the promotion of swept blades in wind fields with low wind speed.

2. Design and Numerical Calculation of Swept Blades
2.1. Preliminary Swept Blade Design

In this section, a three-dimensional parametric modeling and mesh generation for the
designed swept blade was performed, and the numerical simulation was then conducted
to determine the optimal design. For the design of the swept blades, although various
formulas in the literature above should calculate the offset between each section of the
blade and the blade pitch line, these are complex and cannot determine the tip offset [26,27].
Existing studies have shown that the tip offset significantly affects aerodynamic perfor-
mance. Therefore, to make the design more convenient, we used an equation developed by
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Radial distance of the blade section 13

Kaya et al. [9], which could select the blade tip offset, the location of the sweep start, and
the intensity of the sweep. The offset of the blade tip section and sweep start position were
determined, which are shown in Figure 1 and Equation (1).

(rr —75)(R x Ps)(R —1s)
z= (O=P=hs), ’ @
M Pr

where z is the offset of the blade section from the aerodynamic centerline of the straight
blade, 1, is the radial distance of the blade section, 7; is the radial distance of the sweep start
section, R is the rotor radius, Ps is the ratio of the tip offset z to the rotor radius (Ps = z/R),
M is the sweep mode, P, is the ratio of the radial distance of the blade section to the blade
radius (P, = r,/R), and Py, is the ratio of the radial distance of the location of sweep start to
the blade radius (P;s = 75/ R). The strength of the sweep M defines the strength of the sweep.
Increasing the value of M would reduce the sweeping strength, while decreasing the value
to close to one would increase the strength of the sweep. According to the definition from
Ref. [9], when M was taken as 2, it can represent the average sweep strength. Therefore, the
value was also chosen as M = 2 in this study.

> Blade tip offset Z

Radial distance of the
sweep start section s

Rotor radius R

Figure 1. The schematic of the blade sweep.

For testing the aerodynamic characteristics of swept blades, two blade tip offsets
and locations of the sweep start were designed, and two sweep directions, forward and
backward, were used for classification, respectively. The design parameters are given in
Table 1. Figure 2 provides the original straight blade [28] and the designs of eight wind
turbine blades: four forward swept, and four backward swept. The blade numbers in this
figure were correspond to that in Table 1. The tip offset and the location of the sweep start
were considered as two variables when designing the sweep.

Table 1. The designed swept blades.

Blade No. Sweep Direction Sweep Starts (rs/R) Tip Offset (z/R)
1 Backward 0.2 0.1
2 Backward 0.2 0.2
3 Backward 04 0.1
4 Backward 0.4 0.2
5 Forward 0.2 0.1
6 Forward 0.2 0.2
7 Forward 0.4 0.1
8 Forward 04 0.2
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Figure 2. Sketches of the straight blade and designed swept blades.
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2.2. Numerical Calculation

In this paper, ANSYS Fluent software was used to simulate the three-dimensional
airflow around the wind turbine adopting the moving reference frame (MRF) method. In
order to facilitate comparative analysis, the numerical simulation and subsequent model
tests should meet the similarity conditions. Hence, the size of the wind turbine was set
to be consistent with the model test, and the simulated working conditions were similar
to the test to meet the geometric and dynamic similarity conditions. The rotor diameters
of the simulated and tested wind turbines in this paper were both 400 mm. The height
of the tower was set to 400 mm, its shape was cylindrical, and the cross-section diameter
was 16 mm. Besides, the calculated rotation domain diameter and the thickness were set to
500 mm and 50 mm, respectively. The distance from the center of the wind turbine to the
inlet of the computational stationary domain was 1000 mm and to the outlet was 3000 mm.
The cross-section of the stationary domain was a square with a side length of 1600 mm. The
specific layout is presented in Figure 3.
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Figure 3. Grid of the computational stationary domain.

The unstructured grid was used to divide the rotation domain and stationary domain
and encrypt the rotor blade. The number of boundary layers was set to 20. After calculation,
the height of the first layer of the grid was set to 0.0008, and the three-dimensional grid
quality was more than 0.4. The specific grid details of the rotation domain are illustrated in
Figure 4.
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Figure 4. Grid of the computational rotation domain.

According to the conclusion from Ref. [9], the k-w SST turbulence model could accu-
rately predict the power characteristic of a rotating wind turbine when the tip speed ratio
ranges from 2 to 6. Hence, numerical simulation was accomplished by adopting the k-w
SST turbulence model. The model took account of the influence of shear stress on the actual
situation based on the standard k-w turbulence model so that the calculation result could
be more accurate.

Among the transport equations of the k-w SST turbulence model, the turbulent kinetic
energy transport equation is presented below

Fe] d d Mt
9t (PK) + 5 (ki) = o [(H + Uk) 3y | T Ok~ Yio @
followed by the kinetic energy dissipation equation
] 0 ] Ui\ dw
a(pw) a (p M]) ax l(}l + U'w> ax + Gy + Dw — Yo, 3)

where p is the density of air, k is the turbulent kinetic energy, y is the viscosity, w is the
specific dissipation rate, y; is the eddy viscosity coefficient, 7; is the average value of
fluctuating velocity in the j direction, oy and o, are the Turbulent Prandtl number of two
equations, Yy and Y/, are the dissipative term of two equations, Gx and G, are used to
represent the turbulence generation term, and D,, is the cross-diffusion term. For more
variable meanings of Equations (2) and (3), one can refer to Refs. [29,30].

In order to test the independence of the numerical solution, three different computa-
tional grids were used to verify the grid independence of the wind turbine with straight
blades. The specifications of the studied grids are shown in Table 2, which were named
Fine, Middle, and Coarse, respectively. It can be seen that the difference in the power
coefficient Cp between Middle and Fine was negligible. The power coefficient of the turbine
can be determined using Equation (4),

M_xwl

— 4
P 050u3mR2 @)

where My, wyq, uy are the axial torque, the angular velocity of rotation, and the mean inflow
velocity at hub height, respectively. Hence, it was finally determined that the number of
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grids in the rotation domain was 7.82 million, and the number of grids in the stationary
domain was 6.14 million, so the total number of grids was 13.96 million.

Table 2. Performances of grid independency study (A = 5).

Rotation Domain (Million) Stationary Domain (Million) (E,jp)
o
Coarse 427 614 18.169
Middle 782 614 18.186
Fine 782 975 18.198

The optimal tip speed ratio occurs at the position with a larger tip speed. Hence,
the wind turbine with swept blades that meet the following conditions was taken as the
research object, where the tip speed ratio was A = 5, the rotor speed in the calculated rotation
domain was set to 1670 rpm, and the wind speed of the incoming flow in the inlet was
7 m/s, which was consistent with the test conditions. Therefore, the possible optimization
result could be identified by comparing the output power and thrust coefficients of wind
turbines with swept blades and straight blades. Here, the thrust coefficient is calculated by
Equation (5),

T

Cr=-— 0,
T 0.50u3R?

©)
where T is the force in the streamwise direction.

To better compare the results, it is necessary to propose a method of calibrating swept
blades. In this method, there are two parameters, f and b, representing the sweep direction
of the blade. Here f represents forward sweep (i.e., the sweep direction is the same as the
rotation direction of the rotor). In contrast, b represents backward sweep, which means that
the sweep direction is opposite. After the first indication letter, the first two digits function
as the definition of the ratio of the spanwise length where the sweep starts to the radius of
the rotor (75/R). The last two digits define the ratio of tip offset to the rotor radius (z/R).
For example, ‘f2010’ refers to the forward swept blade whose radial distance of the location
of the sweep start is 20% of the rotor radius (rs/R = 0.20), and the blade tip has an offset of
10% (z/R = 0.10).

It can be seen from Table 3 that the power coefficients and thrust coefficients of wind
turbines in the forward swept design and the backward swept design showed a similar
pattern in terms of their varying trends. Increasing the tip offset would reduce the power
coefficient of the wind turbine, as well as the thrust coefficient. As the radial distance of
the location of the sweep start became larger, the power coefficient of the wind turbine
decreased, and the thrust coefficient also decreased. This law was similar to how the tip
offset affected the aerodynamic characteristics of wind turbines. When the blades had the
same swept shape, in contrast with the backward direction, wind turbines with forward
swept blades featured more perceptible improvements in output power. However, the
thrust coefficients were also higher, which needs to be paid more attention to in practical
applications. It can also be noticed that among the wind turbines with several sweep modes,
the power characteristics of ‘f2010” had been significantly ameliorated compared to the
straight blades. The wind turbine with straight blades was taken as a baseline. The wind
turbine with the forward swept blades ‘f2010” had the highest power and thrust coefficients
rise, which increased by 2.167% and 2.478%, respectively. Meanwhile, the wind turbine
designed with the backward swept blades ‘b2010” only had the power coefficients increase
by a value of 0.497%, and the thrust coefficients increase by a value of 0.384%. According
to the simulation of blades with several designed sweep modes, the power characteristics
of the wind turbine with the swept blades ‘f2010" achieved the best when A = 5, while the
turbine with the swept blades ‘b4020” achieved the smallest thrust coefficients.
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Table 3. Changes in power coefficients and thrust coefficients of the wind turbine with swept blades.

Blade No. Swept Blade ACp (%) ACt (%)
1 b2010 0.497 0.384
2 b2020 —1.605 —-3.113
3 b4010 -0.113 —1.998
4 b4020 —2.433 —5.384
5 2010 2.167 2.478
6 2020 —1.481 —3.064
7 4010 0.064 —1.605
8 £4020 —1.998 —4.675

With the aim to study the power enhancement mechanism of the wind turbine with
swept blades, the pressure coefficients of the straight blade and the swept blade ‘f2010” at
the sections 35%, 65%, 80%, and 95% of the rotor radius were compared, respectively, as
displayed in Figure 5.

T T T T T T T

T

T

T

L T T T
straight blade 1.0F straight blade H

swept blade 'f2010'

0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c
(a) (b)
: straiglht blade I 1.0 i slrailghl bladeI
A — swept blade 'f2010' A — swept blade 2010’
N 0.5 N
N // GO s //
" "
-0.5
\ O '] .O \
\\ -1.5 \\
o> 2O
-2.5
-3.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
x/c x/c
() (d)

Figure 5. Pressure coefficient distribution of different sections at A = 5. (a) 35% section; (b) 65%
section; (¢) 80% section; (d) 95% section.

The figure reveals that the surface pressure coefficients tended to approach when the
blades were located near the root. Meanwhile, at the blade tip section, at 80% and 95% of
the rotor radius, the peak values of the surface pressure coefficients of the swept blade were
smaller than those of the straight blade, which indicated that the blade swept design can
effectively reduce the peak value of the surface pressure at the blade tip. In addition, at
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the tip of the swept blade, the surface pressure difference was a bit larger than that of the
straight blade, which indicates a slight increase in the integrated area. Therefore, the lift
of the swept blade at the blade tip increased, and wind turbines with swept blades could
generate more power.

The above revealed that the wind turbine with the swept blades ‘f2010” had a higher
output power, and the aerodynamic performance was optimal when A = 5. To further
investigate the aerodynamic characteristics of the wind turbine with swept blades ‘£2010’,
it was necessary to simulate both the straight and swept blades at different tip speed ratios.
The calculation consequences are shown in Figure 6. In the case of a wind turbine with
straight blades and the swept blades ‘£2010’, the power and thrust coefficients were close
when the tip speed ratios were low, and both increased with the increase of the A. However,
at high tip speed ratios, the situation with straight blades and the swept blades ‘£2010
were apparently different. The power and thrust coefficients of the wind turbine with
the swept blades 'f2010” were considerably higher than those with straight blades. When
A =5, the wind turbine with the swept blades ‘f2010” had the most significant growth in
power coefficients. In contrast, the increase in thrust coefficients kept increasing with the
increase of A. More detailed analysis and discussions will be introduced in the following
experimental section.

0-20 T T T T T T T T T 1.0 T T T T T
0.18} = = i
0.8} ]
0.16 . =
]
0.14 ] _ 0.6 4
° o1} = 8] © )
) 04} .
0.10 ° ™ straight blade
i M straightblade | | X .
008l = © swept blade f2010'| | 0.2 ©_swept blade 'f2010°]_
=
006 1 1 1 1 1 | | | | |
2 3 4 5 6 00 2 3 4 5 6
A 3
(a) (b)

Figure 6. Comparison of coefficient curves for the wind turbines with straight blades and the swept
blades “£2010’. (a) Cp-A curves; (b) Ct-A curves.

3. Experimental Setup

As mentioned above, swept blades can make a difference to the wind turbines’ output
power and wake characteristics. Therefore, the test model and main research procedure are
introduced in this section.

3.1. Test Setup and Test Model

The test was carried out in the low-speed wind tunnel at Yangzhou University. The
wind tunnel had two test sections: high-speed and low-speed. The size of the former
was 3.0 m in length, 1.5 m in width, 3.0 m in height, and the maximum wind speed was
designed to be 50 m/s. The size of the latter was 3.0 m in length, 3.0 m in width, and
7.0 m in height, and the maximum wind speed was designed to be 25 m/s. The turbulence
intensity of the flow field was less than 0.5%. The model wind turbine with the DTU-LN221
airfoil had a rotor diameter of 400 mm, and the center of the rotor was located 400 mm
above the wind tunnel floor, as shown in Figure 7. The whole wind turbine rotors were
printed by 3D printing technology, and a 12 V permanent magnet speed regulating direct
current (DC) motor was adopted to achieve a rated speed of 3500 rpm. Due to the small
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Figure 7. Photographs of the wind turbines with different blades taken inside the wind tunnel.
(a) Straight blade; (b) swept blade; (c) blade parameters.

3.2. Experimental Procedure

Generally speaking, the power characteristic of the wind turbine was measured by a
torque meter. The two ends of the torque meter were shaft connected with the hub and
the motor with a controller, respectively. The rotation speed could be kept constant by
adjusting the load, so the measured torque and rotation speed could obtain the output
power of the wind turbine. Because of the large size of the torque meter, the shaft power of
the wind turbines was obtained via an indirect method in this study. Similar to the method
described in Ref. [31], the drive motor and the generator were first installed on two sides of
the torque meter. Then, the input voltage of the drive motor and the access resistance of
the generator were changed. Subsequently, we recorded the output current, torque data,
and rotor speed, respectively, when the generator operated at different speeds, thereby
calculating the output power. Thus, the relationship equation between the output power,
the output current, and the rotor speed could be derived by fitting. The relationship is
as follows,

P = —0.1298 + 0.075181 4 0.001066N + 0.0016061% 4 0.001425IN + 5.25 x 107 8N2, (6)

where P is the output power, in [W], I is the output current, in [A], and N is the rotor speed,
in [rpm].
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During the test, the positive and negative poles of the generator were connected
to form a series circuit in which a PID controller and a 0.5 () sampling resistance were
connected. A Hall sensor was installed behind the wind rotor to monitor its speed, and the
data acquisition collector (USB-6210, National Instruments, Austin, TX, USA) collected the
instantaneous circuit. So the output power could be obtained by adjusting the rotor speed
of the wind turbine through the PID controller, and then the power coefficient curve of the
wind turbine could be drawn. The repeatability tests were carried out at different periods
to verify the feasibility of the test and the accuracy of the data. In order to ensure that
enough data were collected in the rotation period, at least 50 periods were measured for
each condition. Therefore, the sampling rate and numbers in every test were 10 kHz and
50,000, respectively. Besides, the wind turbine with straight blades was tested as a baseline
case, and the test wind speed was 7 m/s. Figure 8 shows little difference in the average
power coefficient curves drawn based on the five repeated tests. The Pearson correlation
coefficients of any two tests were greater than 0.929, indicating that the test had good
repeatability. Meanwhile, comparing the test results with the CFD simulation results, the
power coefficient values obtained by the two methods were close. The simulation results
were slightly larger due to the mechanical loss in the test process. When the tip speed ratios
were A =2, 3, and 4, the relative errors were 7.42%, 6.19%, and 5.56%, respectively, and the
errors were constrained within 10%. The possible reasons for the slight difference between
the numerical simulation and the test were that when the tip speed ratio was relatively low,
a large area of flow separation could occur on the blade surface. For significant unsteady
characteristic conditions, such as large separation and deep stall, the time-averaged results
may be delayed compared to the experimental values. Moreover, the rotor was made by
3D printing and directly connected with the motor shaft. The possible vibration in the test
would cause a slight deformation of the blade, resulting in deviation of the aerodynamic
force. Besides, according to the numerical calculation results of MEXICO wind tunnel
measurements [32], it is evident that different numerical methods would lead to different
results. It cannot be considered that there is a functional relationship between deviation
and tip speed ratio. To solve this question, we need to carry out a series of numerical
simulations to clarify this in the following research.

0.20 :
0.18 —=—test1 ol
—e—test2 /‘7 I
0.16 A—test 3 - "
—v—test4 A L.
0.14 test5 /
2 0.12
@) /"
0.10 //
0.08 =
0.06 A
0.04
1 2 3 4 5

A

Figure 8. Verification of the test repeatability of the wind turbine with swept blades at 7 m/s.

The wake field in the test was measured by a two-dimensional hot-wire anemometer
probe (55P61, Dantec Dynamics A/S, Copenhagen, Denmark) with an accuracy of 0.001 V
and relative error less than 0.1%. Similar to Li et al., the hot-wire was used to measure the
wind turbine wake under different conditions [33].

The three-dimensional mobile support was fixed with a fixed frame holding the hot
wire probe. By moving it electrically, displacement can be achieved within the left and
right, front and back directions, meeting the measurement range required by the test, as



Machines 2022, 10, 876

12 0of 19

Incoming
flow

represented in Figure 9. The test measuring points were distributed in the horizontal plane
at hub heights 0.5D, 1D, 2D, 3D, 5D, and 8D behind the wind rotor (where D is the rotor
diameter). One measuring point was arranged every 1 cm with the hub as the center.
Considering that the radius of the wind rotor was 20 cm, the measuring range extended
from the hub center to both sides to 30 cm, and 61 measuring points were arranged at each
section position, as illustrated in Figure 10. The test measurement points were distributed
at hub heights of 0.5D, 1D, 2D, 3D, 5D, and 8D after the rotor, and the spacing between the
adjacent measurement points was 1 cm. Besides, stochastic uncertainties may occur in the
measurement due to the discretization of the instantaneous velocities. However, according
to the experimental configuration in Ref. [33], the stochastic uncertainties can be overcome
by a large number of samples (the sampling rate and numbers were 1 kHz and 65,536).
Hence, to ensure accurate analysis, the sampling rate and numbers were set at 5 kHz and
100,000 in this study.

three-dimensional
mobile support

Wind turbine

Figure 9. Measurement in the wind tunnel.

0.5D 1D 2D 3D 5D 8D

Figure 10. Distribution of flow field measuring points (horizontal plane at hub height).

4. Results of the Wind Turbine with Swept Blades

From the previous simulation calculation, the power characteristics of the wind turbine
with forward swept blades f2010” had a distinct improvement at A = 5 compared to the
straight blade. To further study the aerodynamic characteristics of the swept blade, wind
tunnel tests were conducted on the wind turbine models with straight blades and the swept
blades ‘f2010". We selected four yaw conditions of 0°, 10°, 20°, and 30° to explore the power
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characteristics at different values of A through wind tunnel experiments, and measured the
wake of the wind turbines in 0° and 20° yaw conditions to study the wake characteristics.

4.1. Analysis of Power Characteristics

Figure 11 illustrates the power coefficient curves of the wind turbines with straight
blades and the swept blades ‘f2010 in different yaw conditions. At low tip speed ratios,
both produced almost the same output power at the same yaw angle. As the tip speed ratio
increased to a larger value, the power characteristics of the wind turbine with the swept
blades ‘f2010” were improved compared with the wind turbine with straight blades, and
the output power increased obviously, especially in yaw conditions.
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Figure 11. Wind turbine power characteristic curves at different yaw angles. (a) 0°; (b) 10°; (c) 20°;
(d) 30°.

At yaw angles 0°, 10°, 20°, and 30°, the maximum power coefficients of the wind
turbine with the swept blades ‘f2010” were increased by 1.3%, 10.3%, 13.2%, and 16.7%,
respectively, in contrast with the straight blades. When the power coefficients reached the
maximum, the yaw moved the value of A forward. Besides, with the swept blades £2010’,
the wind turbine with the highest power coefficient had larger values of A than the one with
straight blades. In different yaw conditions, the improved range of wind turbine power
of the swept blades ‘2010 differed from that of straight blades. For example, the output
power of the wind turbine with the swept blades ‘f2010” began to increase at A = 4.5, 3.5, 2.5,
and 1.5, respectively, in four yaw conditions, indicating that the larger the yaw angle is, the
greater the improvement range of the wind turbine output power is. The probable reason
may be that, in the case of yaw conditions, the projected area of the rotor plane decreases
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in the inflow direction, so the energy flowing into the wind turbine will decrease. The
optimal tip speed ratio decreases with the increase of the yaw angle [34]; correspondingly,
the tip speed ratio of the blade to start acting on the slightly curved blade also decreases. In
addition, with the increase of the yaw angle, the radial force of the swept blades changes
more prominently, and the change of radial force could lead to a more significant streamline
curvature [5]. The effect of swept blades will be better and more evident with the increase
of the yaw angle.

For a small wind turbine composed of DTU-LN221 airfoil, the swept design could
make the wind turbine have better aerodynamic characteristics at a high tip speed ratio.
Such a power improvement was also significant in the yaw condition. Compared with
other flow control methods, which increase the output power by 4.9% [35] and 0.85% [36],
this passive control method was more straightforward and practical.

4.2. Analysis of Wake Velocity Characteristics

Figure 12 reveals the streamwise time-averaged velocity distributions of the wake of
the wind turbines with straight blades and swept blades when A = 4.67 without yaw. The
wake velocity was dimensionless, namely u/1ug. It can be seen from the figures that, owing
to the rotation effect of the turbine, the wake of the wind turbines with straight blades
and swept blades presented the phenomenon of velocity deficit. The streamwise time-
averaged velocity distribution at different sections of the wake area basically presented a
symmetrical distribution along the centerline of the rotor. As the wake continued to develop
downstream, the velocity distribution gradually changed to a ‘V’ shape. At 0.5D and 1D
sections in the near wake region, the minimum wake velocities at the rotor center of the
wind turbine with swept blades and straight blades were nearly the same. Because of the
intense development of tip vortices and central vortices in the near wake region, the radial
distribution of velocities at the center height of the rotor fluctuated wildly, showing a “W’
distribution. Moreover, because of the tip acceleration effect, the velocities at the blade tip
were high, the velocity deficit in the central vortex region was prominent, and the minimum
streamwise velocities only recovered to about 18.5% and 21.7% of the incoming flow. As the
position moved towards the blade tip, the wake progressively recovered. Additionally, it
can be clearly seen from the figures that the wake recovery of the wind turbine with swept
blades was slower than the one with straight blades, and the speed deficit of the wind
turbine with swept blades at the same position was severe as well. As the wake of the wind
turbine recovered, at the 2D, 3D, 5D, and 8D sections, the minimum velocity at the rotor
center of the wind turbine with swept blades and straight blades recovered 29.8%, 51.1%,
59.0%, 68.7%, and 33.7%, 54.4%, 61.3%, and 70.7% of the incoming wind speed, respectively.
Therefore, the wake recovery of the wind turbine with swept blades was slightly slower
than that with straight blades. It is important to note that although the shape of the blades
only changed near the tip position, the swept blades decreased the average wake velocities
in the whole wake region. Such results indicated that the flow near the tip of the swept
blade has an expansion effect along the spanwise direction. This may be due to the vortices
behind the rotor pulsing dramatically, and the collision probability increasing accordingly.
Hence, the wake changed in other positions.

The lateral velocities of the wake produced by the wind turbine without yaw were low,
but they would become larger in yaw conditions. As shown in Figure 13, in the near wake
region, due to the blade tip turbulence, the formation of the wake vortex was relatively
intense, and the lateral velocity fluctuations of the wind turbine wake with both two blades
were high. When the wake progressively developed downstream, the changes in the lateral
velocity of the section gradually flattened. As seen from the swept blade, the maximum
lateral velocities at 0.5D, 1D, 2D, 3D, 5D, and 8D sections were 0.88, 0.64 0.63, 0.56, 0.36,
and 0.34 m/s, respectively, showing a steadily decreasing trend. Furthermore, the lateral
time-averaged velocity distributions of the wind turbine with swept blades at 0.5D, 1D,
and 2D sections in the near wake region were slightly larger than that with straight blades,
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while at 3D, 5D, and 8D, the two trends were the same, and the lateral average velocity
distribution curves essentially coincided.
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Figure 12. Streamwise time-averaged velocity distribution at a yaw angle of 0° when A = 4.67. (a) 0.5D;
(b) 1D; (¢) 2D; (d) 3D; (e) 5D; (f) 8D.

4.3. Analysis of Wake Turbulence Intensity

In contrast to the case without yaw, the wind turbine can produce higher lateral
velocity in yaw conditions, which would have a certain impact on the turbulence intensity
of the wind turbine wake [37]. In order to explore the influence of yaw on the turbulence
intensity in the wake region of the wind turbines with swept blades and straight blades,
the wind speed pulsation was measured at different cross-section positions. Then, the
turbulence intensity distribution curves of the wind turbine wake could be drawn. In this
study, the turbulence intensity was calculated from the ratio of the root mean square to the
local mean velocity.

Figures 14 and 15 show that at a yaw angle of 0°, the turbulence intensity mostly
appeared as symmetrical distributions in pace with the distributions of the rotor center. In
the near wake region, owing to the intense development of the tip vortices, root vortices,
and center vortices, positions such as the area near the tip, the root, and the center of the
rotor emerge as turbulence intensity peaks. Turbulence intensity changed and fluctuated
greatly. As the distance from the wind turbine increased, the turbulence intensity in the
wake region gradually decreased. Taking the wind turbine with swept blades ‘£2010" as
an example, from 0.5D to 8D, the maximum turbulence intensity values of the section
were 53.4%, 46.9%, 35.6%, 20.3%, 14.6%, and 12.1%, respectively. The turbulence intensity
progressively recovered in the far wake region and was the largest at the blade root. The
trend of both was consistent in comparing turbulence intensity in the wake region between
the wind turbines with swept blades and straight blades. The wake influence area was
nearly resembling. However, the turbulence intensity values in the wake region of the
wind turbine with swept blades were slightly larger than that with straight blades. When
located in the rotor center, the difference between the two cases was the largest. From the
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rotor center to the blade tip, the difference between the wind turbines’ turbulence intensity

values with two blades gradually decreased.

Figure 13. Lateral time-averaged velocity distribution at a yaw angle of 20° when A = 4.1. (a) 0.5D;
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Figure 14. Streamwise turbulence intensity distribution at a yaw angle of 0° when A = 4.67. (a) 0.5D;
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Figure 15. Streamwise turbulence intensity distribution at a yaw angle of 20° when A = 4.1. (a) 0.5D;
(b) 1D; (¢) 2D; (d) 3D; (e) 5D; (f) 8D.

At a yaw angle of 20°, the distributions of the turbulence intensity along the rotor
center were almost symmetrical at the 0.5D and 1D sections in the near wake region.
Nevertheless, with the increasing distance away from the wind turbine’s position, the
distribution was irregular by degrees. In addition, the offset from the position where
peak turbulence intensity was achieved to the rotor center also increased with the further
distance from the wind turbine. In the near wake region, wind turbines with swept blades
and straight blades produced roughly similar distributions of the turbulent intensity. In
contrast, with the development of the wake flow downstream, the turbulent intensity of
the wind turbines with swept blades was more extensive than that with straight blades in
the yaw direction. Although high turbulence intensity could lead to faster wake recovery,
excessive turbulence also means larger unstable aerodynamic loads, significantly affecting
wind turbine service life and maintenance cost. This situation needs to be paid attention to
when optimizing design.

5. Conclusions

This paper conducted a swept optimization design based on the straight blade of the
DTU-LN221 airfoil. Taking the tip offset (z/R) and the location of sweep start (rs/R) as
variables, the swept equation was thus determined. The simulation results show that the
larger the values of the tip offset and the location of the sweep start, the smaller the power
coefficients and thrust coefficients of the wind turbine. In contrast to the backward swept
design, the forward swept design had a more pronounced improvement in the power
characteristics of the blades. The power characteristics of the wind turbine with forward
swept blades whose tip offset was 10% of the radius and the sweep start location was 20%
of the radius were most significantly improved.

Comparing the output power characteristic curves of the wind turbines with straight
blades and swept blades at yaw angles of 0°, 10°, 20°, and 30°, respectively, it was found that
the swept blade had a smaller power loss in yaw conditions than the straight blade. As the
tip speed ratio increased to a larger value, the output power of the wind turbine with swept
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blades was higher than that of the wind turbine with straight blades. Especially in yaw
conditions, the output power of the wind turbine with swept blades increases significantly.

By contrasting the wake characteristics with swept blades and straight blades at yaw
angles of 0° and 20°, it was apparent that at high tip speed ratios, the streamwise time-
averaged velocity deficit of the wind turbine wake with straight blades was higher than that
without yaw. The turbulence intensity in the wake region of the wind turbine with swept
blades was also larger than that with straight blades. The maximum difference occurred
behind the center of the rotor. Based on the results in yaw conditions, the turbine could
produce higher lateral velocities. The lateral time-averaged velocities of the wind turbine
wake with swept blades were a bit higher than that with the straight blades in the near
wake region. Furthermore, with the development of the wake downstream, the turbulence
intensity with swept blades in the yaw direction was greater than that with straight blades.

Overall, this research further enriches the content of wind turbine aerodynamics and
provides experimental data for verifying the numerical simulation research. It is worth
noting that the discussions above might be helpful for validating the small-scale wind
turbine studies and also provide a better interpretation of the swept optimization design.
Nevertheless, the natural inflow of the wind turbines is usually the instantaneous variation
of gusts combined with the boundary-layer wind. Therefore, to more accurately analyze
the effect of the combination of this inflow condition with the small-scale wind turbine,
subsequent research needs to be carried out combined with turbulent flow.
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