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Abstract: Owing to the rapid development of the offshore wind power technology and increasing
capacity of wind turbines, vertical-axis wind turbines (VAWTs) have experienced a great development.
Nevertheless, the VAWT wake effect, which affects the power generation efficiency and rotor fatigue
life, has not been thoroughly understood. In this study, the mid-span wake measurements on a VAWT
in six different configurations were conducted. This study aimed to investigate the effect of solidity on
near wake instability of vertical-axis wind turbine. By using the wavelet analysis method to analyse
the measured velocity (or pressure) time series signals on a multi-scale and with multi-resolution,
the dynamic characteristics of the coherent vortex structures in the wake evolution process were
determined. The results show that with increasing solidity, the VAWT wake develops into a bluff body
wake mode. In addition, a characteristic frequency that is lower than the low-frequency large-scale
vortex shedding frequency occur. The wavelet transform was used to decompose and reconstruct
the measured data, and the relationship between the low-frequency large-scale vortex shedding
and lower frequency pulsation was established. The results provide important data for numerical
modelling and new insights into the physical mechanism of the VAWT wake evolution into a bluff
body wake.

Keywords: VAWT; wake; instability; aerodynamic performance; wind tunnel testing; wavelet analysis

1. Introduction

The offshore wind power technology has developed rapidly. The power output and fatigue
life of wind turbine are affected by turbulent wake. The wind turbine wake flow is a series of
complex spatiotemporal evolution processes of multi-scale coherent structures. Therefore, accurately
determining the wake characteristics for an analysis of the aerodynamic performance and load change
of a wind turbine is crucial.

Recent research studies have shown that vertical-axis wind turbines (VAWTSs) have a broader
application prospect in urban [1] and offshore [2] areas than horizontal-axis wind turbines (HAWTs)
owing to their special rotor structure. The solidity, which is the main structural parameter of VAWTs,
represents the density of a rotating blade. The swept area formed by the rotating blade of a VAWT
(or an HAWT) is similar to a cylindrical (or disk-like) surface. The wind turbine can be regarded as
a typical bluff body, which induces a turbulent wake and decelerates the wind speed of the airflow.
This assumption is widely used in the study of wake characteristics of wind turbines.

Research on the aerodynamic characteristics of VAWTs is often based on the actuator cylinder (or
disk) model. Fortunato et al. [3] adapted the Actuator Cylinder (AC) model to compute the flow around
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a VAWT. Cheng et al. [4] applied the AC method to build the aerodynamic model of floating VAWTs
and combined it with SIMO-RIFLEX (Strength analysis software released by DET Norske Veritas in
1969). The coupled tool predicted the dynamic response well after comparing with the codes HAWC2
(Aerodynamic design and research program developed by the National Laboratory of renewable
energy, University of science and technology of Denmark). Madsen et al. [5] proposed a modification
of the AC model to explore megawatt floating VAWTs. The modified results were closer to full AC
model. De Tavernier and Ferreira [6] extended the AC model to simulate two actuator cylinders in 2D.
The calculation results were good under low C;. Newman [7] applied the actuator disk model for the
prediction of performance of VAWTs. Moreover, Batten et al. [8] applied the actuator disk-Reynolds
Averaged Navier-Stokes (RANS) model for the prediction of tidal turbine wakes. The comparison
between the numerical simulation and experimental results showed that the turbulence intensity near
the disk was underestimated.

Periodic vortex shedding is an important characteristic of a typical bluff body wake. This wake
instability behaviour has been detected in some HAWT model experiments. For instance, Medici and
Alfredsson [9] measured the wake of an HAWT model in a wind tunnel test; they discovered a
low-frequency peak with Strouhal numbers between 0.12 and 0.2 and attributed the wake meandering
to bluff body vortex shedding. In Medici’s study, this low frequency oscillation happened only at
a tip speed ratio A > 3, where the thrust coefficient C; started to approach the value of 1. Araya et
al. [10] conducted experiments in a recirculating water channel to analyse the wake characteristics of
VAWTs with different blade numbers; they defined the dynamic solidity and related quantitatively the
far-wake dynamics to the wake dynamics of a cylinder.

In the evolution process from a near wake of a bluff body to a complete three-dimensional
flow, a characteristic frequency that is lower than the low-frequency large-scale vortex shedding
frequency occurs. This low-frequency instability has been widely studied in the wakes of cylinders,
disks and other typical bluff bodies. For a finite-length cylinder, Park and Lee [11] measured a low
frequency outside the upstream near wake of a cylinder with different aspect ratios (H/D = 6, 10, 13),
and Yang et al. [12] investigated the low-frequency characteristics related to vortex dislocations in
the near wake of a plate. Najjar and Balachandar [13] studied low-frequency instabilities in the wake
of a vertical plate and stated that the low-frequency instability was caused by the unsynchronised
formation of spanwise and streamwise vortices. Wu et al. [14] used the smoke line and hot wire
velocity measurement methods to display the flow field around the plate and confirmed the results
of the previously mentioned two researchers. The flow field showed that there were two distinct
states in the vortex formation region, which could be divided into mode L and mode S. Mode L
corresponds to the long vortex formation region, and mode S corresponds to the short vortex formation
region. The conversion between these two coherent structures required much time, which led to
the generation of low-frequency values. A two-point correlation analysis verified the previously
presented conclusions. Miau et al. [15-17] discovered that the low-frequency instability was related
to the unsteady pulsation in the formation region of a large-scale vortex. Furthermore, Berger et
al. [18] discovered that a wake around a ball or disk had three instability mechanisms: low-frequency
large-scale vortex shedding, low-frequency instability, and high-frequency instability of the shear
layer. They believed that the low-frequency instability originated from the expansion and contraction
pulsation in the re-circulation region. The researchers came to the same conclusions regarding the
low-frequency large-scale vortex shedding and high-frequency instability of the shear layer. However,
the presented physical mechanisms for the low-frequency instability, which occurs also in the wakes
of other bluff bodies, are controversial. It should be investigated whether the double low-frequency
instability mode also occurs when the VAWT wake develops into a bluff body wake.

Based on the assumption that the wind turbine can be regarded as a typical bluff body (e.g.,
a cylinder or disk), research studies on the wake characteristics of wind turbines have provided
fruitful results. Owing to the inherent characteristics of wind turbines (e.g., rotation and blade vortex
shedding), the wake induced by a wind turbine and a typical bluff body wake are not identical;
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nevertheless, there exists an inevitable relationship, which requires further research. Particularly,
the low-frequency instability, which occurs in typical bluff body wakes, has rarely been reported in
studies of the wake evolution process of VAWTs, and only limited wind tunnel experimental data are
available. Therefore, this study provides experimental wind tunnel data for investigating the near-wake
characteristics of VAWTs with different solidity levels. In addition, it focuses on the low-frequency
instability characteristics when the VAWT wake develops into a bluff body wake mode.

This paper is organised as follows: Section 2 describes the measurement method, and
Section 3.1 presents the aerodynamic performance results. Section 3.2 analyses the mean and turbulent
wake characteristics, and Section 3.3 discusses the dynamic characteristics of the wake evolution.
The influences of the operation state on the wake evolution are considered in Section 3.4, and Section 3.5
introduces the double low-frequency instability mode. Finally, Section 4 summarises the results of
this study.

2. Methods

2.1. VAWT Model and Wind Tunnel Facility

The blades of the VAWT models with NACA 0018 arfoils shapes (NACA airfoils are a series of
airfoils developed by the National Advisory Committee for Aeronautics) and pitch angles of 0° were
prepared with extruded polystyrene, carbon fibre rod was embedded in the blade for reinforcement
and a polyethylene terephthalate thin film attached to the blade surface was used for smoothing.
The blades and a pair of stainless-steel struts with thicknesses of 1 mm constituted the rotor (Figure 1:
centre and right side). The VAWT rotors with constant radii of 300 mm and heights of 810 mm had
different blade numbers and chord lengths (see Table 1).

Three-dimensi
traver;ing system

Figure 1. Experimental set-up and VAWT model.

Table 1. Description of different configurations of vertical-axis wind turbines (VAWT) studied.

Configuration # Number of Blades, N Chord Length, ¢ (mm) Solidity, o
A 3 64.8 0.648
B 3 81 0.81
C 3 108 1.08
D 4 81 1.08
E 5 64.8 1.08
F 5 81 1.35

The solidity is defined as follows:
0= — (1)
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where 7 is the number of the blades, c the chord length and D the diameter of the rotor. As shown
in Table 1, the blade numbers of configurations A, B and C were equal; however, the chord lengths
were different. By contrast, configurations B, D and F had equal chord lengths and different blade
numbers. For configurations C, D and E, the blade numbers and chord lengths were different, and the
solidity levels were equal. In this paper, configuration B, D and F were taken as examples to discuss
the dynamic characteristics of wake evolution. As shown in Table 1, configurations B, D and F had
equal Reynolds number based on chord. Since configuration C, D and E were taken as examples to
discuss the evolution of large-scale wake structure, the Reynolds number based on turbine diameter
was chosen.

The experiments were performed in the closed-circuit wind tunnel of the Dalian University of
Technology; the test section was 18 m long, 3 m wide and 2.5 m high (Figure 1: left side). The wind
turbine model was placed 6 m downstream from the entrance of the test section, and the geometric
centre of the wind turbine rotor was concentric with the geometric centre of the wind tunnel section,
which was also the origin of the rectangular coordinate system.

The blockage effect is an inevitable problem in wind tunnel testing. According to the review [19]
of the corrections of blockage effects of VAWTS, the correction is not required when the blockage ratio
is below 5%. The following equation is proposed.

_ lrotor frontal area
" 4 test section area ’

2

In this experiment, the rotor frontal area of each configuration was 0.486 m2. According to the
previously presented equation, the blockage ratio was 1.62%. Therefore, no blockage correction was
required. Since the expansion of the far downstream wake was somewhat limited by the wind tunnel
walls, the measurement area of the wake is controlled within 5D.

2.2. Aerodynamic Performance and Wake Measurements

The aerodynamic performance of the VAWT was measured by a torque sensor with a measurement
range of £2 Nm, an accuracy of +0.1% and a sampling frequency of 1000 Hz. The torque sensor was
installed between the rotor and the servo motor (Figure 1: centre), and the measurement devices were
equipped with a rectifier board. Under the provided wind speed conditions, the tip speed ratios of
the wind turbine were adjusted by controlling the rotation speed of the servo motor. Before the rotor
was installed, the free-stream wind speed at the origin of the coordinate system was 7.7 m/s, and the
turbulence intensity was below 0.5%.

The wake was measured with a fast-response multi-hole pressure probe (Cobra Probe) set in a
three-dimensional traversing system. The probe monitored the instantaneous pressure acting on the
four faces of the head, which was converted into an instantaneous velocity value in the three directions
by the calibration function. The Cobra probe can be used to measure complex three-dimensional
turbulent flow fields [20] to determine the time-averaged velocity, instantaneous velocity, Reynolds
stress and high-order correlation. Lam et al. [21] measured the wake characteristics of a dual VAWT
system by applying the Cobra probe. The frequency of the Cobra probe can reach 2 kHz; thus, it can
theoretically distinguish a turbulent energy spectrum below 1 k Hz. The sampling frequency in this
experimental study was 100 Hz with a measurement time of 30 s. This sampling frequency was
sufficient for the turbulence scale range in this study and stabilised the sampling process.

The wake was measured in the XY plane. The measurement range is shown in Figure 2.
When x = 2-5D, the ordinate did not change. The VAWT rotated clockwise from the top view.
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Figure 2. The schematic diagram of the measurement range.

The total uncertainty of the experiment was determined as follows [21]

1/2

Er = ((Er)* + (Esx)* + (Esy)®) 7, ®)

The random errors, Eg, were estimated by repeatedly measuring the streamwise velocity of a
specific point (3000, —540, 505) in the wake; its uncertainty (Eg) was 0.3%. The systematic errors were
caused by the flow uniformity in the measurement area. Along the x-axis, (600, 0, 0), (1200, 0, 0), (1800,
0, 0), (2400, 0, 0) and (3000, 0, 0), and for x = 3D, 15 points along the y-axis were selected to measure
the streamwise velocity. The systematic errors in the two directions were estimated as Ex = 0.9% and
Ey = 1%, and the total uncertainty was 1.4%.

Turbulence intensity is defined as follows:

\/%[(Ui —U)? + (V= V)* + (W; = W)?]

I= ,
Vil

(4)

where U;, V; and W; are the instantaneous velocity components; U, V and W are the time-average
velocity components; V; is the time-average velocity.

3. Results and Discussion

3.1. Aerodynamic Performance

The power coefficient is defined as follows:

Tw
Cp= , ®)
% pUSA
The tip-speed ratio, A, can be determined as follows:
PR ©)
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where T and w are the instantaneous torque and angular velocity measured by the torque sensor; p is
the fluid density, U, the given wind speed and A the rotor frontal area. The rotor frontal area is equal
to the rotor diameter times the rotor height.

As shown in Figure 3a, with increasing chord length, the maximal value of the wind energy
utilisation coefficient increases and the optimal tip speed ratio decreases. In addition, the wind energy
utilisation coefficient curve shifts to the left. When the chord length increases, the chord Reynolds
number increases. However, when the chord Reynolds number exceeds a certain value, the influence
of the blade on the lift coefficient becomes weaker and the interaction effects between the blade vortex
shedding are enhanced. Therefore, when the chord length of the blade continues to increase, there is a
marginal improvement of the power coefficient.

—a— Configuration A, N =3, ¢ = 64.8, 0 = 0.648
—e— Configuration B, N=3, c=81, 0= 0.81

0.30 4| —a— Configuration C, N=3,¢c =108, 0= 1.08
0.25 4 ;
0.20 -
0.15 - 3
a h
o 1
0.10 1
0.05 1
0.00 4
T T T : T 1
05 1.0 15 20 25 30
A
(a)

—e— Configuration B, c = 81, N=3, 0 = 0.81
—— Configuration D, c =81, N=4, 0= 1.08

0.30 4| —<— Configuration F, c=81, N=5,0=1.35
0.25 4
0.20 4 ;
0.15 4 {
o
0.10
0.05 A
0.00 5
T T T . T 1
05 1.0 15 20 25 30
A
(b)

Figure 3. Cont.
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—— Configuration D, 0 = 1.08, N=4, ¢ = 81
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(©)

Figure 3. The power coefficient curves for (a) N = 3, (b) ¢ = 81 mm, (c) 0 = 1.08. Unsteadiness is also
presented as error bars in curve profile.

When the number of blades increases (Figure 3b), the influence of the wake of the previous
blade on the aerodynamic acquisition of the next blade increases, and the power coefficient decreases
gradually. Simultaneously, the optimal tip speed ratio decreases gradually, and the effective working
range decreases. In general, the power coefficient curve shifts to the left, and the self-starting behaviour
of the wind turbine is improved. With increasing number of blades, the fluctuation period of the
driving torque acting on the entire rotor decreases. Thus, the better working range decreases.

When the solidity of the wind turbine is constant (Figure 3c), the blocking effect of the strut
increases with increasing number of blades. In addition, the maximum of the wind energy utilisation
coefficient decreases gradually.

Subsequently, a fixed rotation speed of 500 rpm (i.e., A = 2.036) was applied to study the wake
characteristics of different configurations. Three typical operational states were considered: turbulent
wake state, design state and stall state. The state corresponding to the maximum value of the power
coefficient curve is the design state. The state corresponding to the rising section of the power coefficient
curve is the stall state. The state corresponding to the falling section of the power coefficient curve
is the turbulent wake state. When A is 2.036 (Figure 3a), the turbines with configurations A and B
are in the stall state, and the turbine with configuration C is in the turbulent wake state; in Figure 3b,
the turbine with configuration D is in the design state, and the turbine with configuration F is in the
turbulent wake state; according to Figure 3¢, the turbine with configuration E is in the stall state.

3.2. Mean Wake Characteristics and Turbulent Wake Characteristics

The wake profiles are plotted with the position normalised with respect to the rotor diameter
(D). The time-averaged streamwise velocity (U) is normalised with respect to the free-stream wind
speed (Up) of 7.7 m/s. Before each measurement, the probe was placed at a distance of 1.2 m from
the rotor (—600, 0), and the input of the wind tunnel was adjusted to make the probe output (Uj)
7.7 m/s. The rotation speed of the rotor is 500 rpm, i.e., A = 2.036. The VAWT rotates clockwise from
the top view. For configurations C, D, E and F, the wake velocity profiles are absent at certain space
points. Most of sample values are zero because the probe cannot recognize the negative pressure
value. However, the probe captured the pressure of these space points well when it was installed
in the opposite direction. This indicates that there are re-circulation regions behind the VAWT in
configurations C, D, E and F. Based on [22], the Cobra probe was used to detect the re-circulation
regions in the wake.
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Figure 4 shows the wake profiles of streamwise velocity component (L) for different configurations
on the blade mid-span plane. The wake velocity deficit caused by the energy extraction and blockage
effect is consistent with those of previous findings [23-26]. In general, with increasing solidity,
the rotation induction effect increases gradually and the wake asymmetry increases gradually.
For configuration A, the wake profile (Figure 4a) transforms gradually from asymmetrical to
symmetrical. With increasing solidity, the wake profiles change from V- to (Figure 4a,b) U-shape
(Figure 4c—f), and the wake speed recovers faster. The wake shear layer is formed by the difference in
the velocities of the internal wake region and external free stream, and the size of the wake shear layer
expands continuously in downstream direction.

Figure 4. The wake profiles for (a) configuration A, (b) configuration B, (c¢) configuration C,

(d) configuration D, (e) configuration e, (f) configuration F.

Another feature of the wake flow is the presence of re-circulation regions in configurations C, D,
E and F. With increasing solidity, the re-circulation region appears and its range becomes larger and
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closer to the VAWT. Behind the re-circulation region, the W-shaped wake profiles of configurations C
and F occur at 4D and 5D. This results in a change in the direction of the fluid velocity gradient.

Figure 5 shows the spanwise velocity component (V). For configuration A (Figure 5a), the spanwise
induction is gradually weakened in windward direction (y —) and increases in downwind direction
(v +) with the development of the wake. Hence, in the near wake, the wake expansion is gradually
weakened in windward direction (y —) and increases in downwind direction (y +). Moreover, in the
wake shear layer, the lower negative value means that the spanwise induction and wake asymmetry
increase gradually with increasing solidity; however, this is not the case for configurations C and F.
In the wake shear layer region, the spanwise velocity component of configurations C and F oscillates
around zero, thereby indicating the existence of a vortex structure.
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Figure 5. The distribution of the spanwise velocity component for (a) configuration A, (b) configuration
B, (c) configuration C, (d) configuration D, (e) configuration e, (f) configuration F.
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The fatigue life of the wind turbine rotor is related to its dynamic load, which is related to the
turbulence intensity. The turbulence intensity is an important characteristic quantity for describing
the characteristics of turbulent wakes. Figure 6 shows the turbulence intensity profiles of different
configurations. In the near wake, the turbulence intensity increases gradually. As the downstream
distance from the rotor continues to increase, the turbulence intensity decreases slowly.

= x/D=1 —=—x/D=1
*—x/D=2 ® x/D=2
—A—x/D=3 4 x/D=3
504 v x/D=4 504 v x/D=4
4 x/D=5 ~—% x/D=5
404 40
< o
H H
T 30 § 30
=1 =1
= {=2}
€ €
2 20 S 20
&) (8]
< 10 = 10
0 0
T T T T T T T T
10 05 00 05 10 10 05 00 05 10
y/D y/D
(@ (b)
—=—x/D=1 —=—x/D=1
*—x/D=2 - x/D=2
A x/D=3 A—x/D=3
504 v x/D=4 50 v x/D=4
—+ x/D=5 . —+ x/D=5
/ .
404 40
&) o
5 5
£ 30 ® 04
S S
> o
g €
8§ 204 8 20
= 10 = 104
o0 0
3 T T T T
-10 05 0.0 05 10
y/D
(9
—=—x/D=1
*—x/D=2
A x/D=3
504 v x/D=4 504
—#—x/D=5
40 Ty 40
w " Vy. a w
5 y N g
F 01 T 304
| El
§ 204 § 204
V .
£ g
< 10 = 10
0 04
T T T T T T T T
1.0 05 0.0 05 10 1.0 0.5 0o 05 10
y/D y/D
(e) ()

Figure 6. Turbulence intensity distribution for (a) configuration A, (b) configuration B, (¢) configuration
C, (d) configuration D, (e) configuration e, (f) configuration F.

3.3. The Dynamic Characteristics of Wake Evolution

In this study, the Morlet wavelet was used as wavelet basis function to analyse the time series
signals of the streamwise fluctuating velocity at different positions.

According to the wavelet spectrum of the wind turbine wake with configuration B in Figure 7b,c,
the high-frequency small-scale coherent structure induced by the wind turbine rotation is dominant in
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the near wake. At Py, in the wake shear layer (Figure 7b), the rotational dominant frequency f and its
harmonics can be observed. Moreover, the wavelet spectra reveal the intermittent character of the
blade vortex shedding. This characteristics can not be reflected in the spectral analysis results in [10].
A coherent structure covering a wide frequency range appears at Psp; (Figure 7c). The low-frequency
coherent structure includes a high-frequency coherent structure, which conforms to the energy cascade.
The coherent structure at Psgy is the result of the evolution from the wake at 2D downstream, and the
interaction of the coherent structure becomes strengthened. At 5D, an energy band with frequency f
induced by rotation can also be observed. Where f is the rotor rotation frequency value.
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Figure 7. The wavelet spectrum of the time series signal of the streamwise fluctuating velocity at
different positions of the turbine wake with configuration B, n = 3, ¢ = 81 mm: (a) schematic diagram,

(b) Pap, () Pspy.-
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The wake of the wind turbine with configuration D contains a re-circulation region. During the
development from Py (Figure 8b) to P4o; (Figure 8c) in the wake shear layer, the rotation induction
effect becomes gradually weakened, and the coherent structure with dominant rotation frequency f
disappears gradually. Simultaneously, the coherent structure (over 1 Hz) becomes gradually dispersed,
whereas the adjacent coherent structures remain relatively independent.
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Figure 8. The wavelet spectrum of the time series signal of the streamwise fluctuating velocity at
different positions of the turbine wake with configuration D, n = 4, ¢ = 81 mm: (a) schematic diagram,
(b) P3p1, (€) P4g1. Since all the contour plots in this paper were the interpolation results of the measured
velocity values, there were velocity information in the re-circulation regions. All the contour plots in
this paper are only shown as schematic diagrams.

With increasing number of blades, the re-circulation region becomes larger and closer to the wind
turbine. At Pyg; (Figure 9b), the energy is mainly between 3 and 8 Hz. However, the energy content
and coherence of the high-frequency small-scale structures induced by rotation begin to decrease,
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and the rotation induction effect is weakened. The characteristic frequency decreases gradually.
At P3¢ (Figure 9c¢), the energy is mainly between 3 and 5 Hz, and the self-organisation effect of the
low-frequency large-scale structure increases gradually. At P53 (Figure 9d), the large-scale structure
with a dominant frequency of 3 Hz shows better organisation and coherence. The large scale oscillations
lead to the constant Strouhal number S; = f;D/U| ~ 0.23. This low-frequency large-scale vortex shedding
behaviour is consistent with that presented in the flume experimental study in [10]. Different from [10],
the vortex shedding frequency and intensity of wavelet spectrum change with time. The behaviour of
the peak frequency with time can reveal more physical information about the flow [27].
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Figure 9. Cont.
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Figure 9. The wavelet spectrum of the time series signal of the streamwise fluctuating velocity at
different positions of the turbine wake with configuration F, n = 5, ¢ = 81 mm: (a) schematic diagram,

(b) P2o1, () P3p1, (d) Psgg.

The previously presented evolution process shows that there are coherent vortex structures of
different scales in the near wake. With increasing number of blades, the solidity increases gradually,
and the high-frequency small-scale coherent structure induced by the rotation effect disappears
gradually. Along the shear layer, the characteristic frequency decreases gradually. The shear layer
structures finally fall off, thereby generating periodic large-scale vortex shedding. The wake of the
VAWT presents the characteristics of a bluff body wake. In particular, with increasing solidity, the
energy of the wake field is redistributed, and the low-frequency energy increases gradually; even a
stable, strong low-frequency energy band can be observed (Figure 9d).

3.4. The Influence of Operation State on the Wake of VAWT

For configurations B, D and F, the wake of the VAWT develops gradually into a bluff body wake
mode with increasing solidity. Subsequently, three groups of comparative tests were considered for the
configurations C, D and E with equal solidity, and the bluff body wake of the VAWT was discussed by
considering the operation states of the wind turbines.

At P4g; of the turbine wake with configuration E (Figure 10b), no evident dominant frequency
energy band can be observed. Thus, the wind turbine wake with configuration E does not transform
into a bluff body wake mode.

For configuration C, as shown in Figure 11b,c, the high-frequency coherent structure induced by the
wind turbine rotation is dominant, and the energy is relatively low owing to the high velocity attenuation
and less infiltration of the external flow field. The wake shear layer between the re-circulation region
and free stream forms large-scale strong entrainment structures, which can be seen at P33 (Figure 11d).
At Psp (Figure 1le), the organisation and coherence of the large-scale structure with a dominant
frequency of 3 Hz becomes gradually enhanced, and the wake of the wind turbine exhibits the bluff
body wake characteristics of low-frequency large-scale vortex shedding. Simultaneously, with the
generation of large-scale coherent structures, low-frequency strong energy bands (Figure 11d,e) appear
with frequencies between 0.19 and 0.38 Hz.



J. Mar. Sci. Eng. 2020, 8, 365 15 of 20

-0.6600
1.0
B 0.1800

054
0.3000
¢ N 0.7800
o 004 N
= ~
> —
1.230
0.5 4

t(s)
(b)

Figure 10. The wavelet spectrum of the time series signal of the streamwise fluctuating velocity at P4g;
of the turbine wake with configuration E, n = 5, ¢ = 64.8 mm: (a) schematic diagram, (b) P4q;.
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Figure 11. The wavelet spectrum of the time series signal of the streamwise fluctuating velocity at
different positions of the turbine wake with configuration C, n = 3, ¢ = 108 mm: (a) schematic diagram,

(b) P102, (€) P2o1, (d) P33, (e) Pspp.

Configurations C, D and E have the same solidity; however, they exhibit different wake modes at
the same tip speed ratio. Only configuration C develops into a bluff body wake mode. Thus, the bluff
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body wake mode is related to the operation state of the wind turbine itself. As previously mentioned,
when A is 2.036, the wind turbines in Figure 3c are in different operation states. Configuration C is
in the turbulent wake state, configuration D is in the design state and configuration E is in the stall
state. In the design and stall states, the blade vortex shedding is relatively stable. While configuration
Cis in a fully developed turbulent wake state, the high-frequency blade vortex shedding induced
by the rotation loses its coherence and dissipates rapidly, which results in strong shear. The strong
entrainment structure of the wake shear layer and the coherent vortex structure in the re-circulation
region finally form periodic large-scale vortex shedding. The wake of the wind turbine presents the
characteristics of a bluff body wake. Therefore, the wind turbine in the turbulent wake state is more
likely to develop into a bluff body wake mode with large-scale vortex shedding. The configuration F,
which is in the turbulent wake state, also exhibits the bluff body wake mode.

3.5. Double Low-frequency Instability Mode of Bluff Body Wake of VAWT

When the VAWT wake develops into a bluff body wake, there are two low-frequency instability
modes: low-frequency large-scale vortex shedding and low-frequency instability with a lower
characteristic frequency (Figures 9d and 11d,e).

In this study, the db3 wavelet (where db refers to a particular family of wavelets and number
3 refers to the number of vanishing moments) was used to decompose and reconstruct the time series
signal in the eight layers, and the signal components in different frequency ranges were obtained.
The frequency range of the first layer high-frequency component (d;) is between 24.2 and 48.4 Hz,
and the frequency range of the first layer low-frequency component (1) is between 0 and 24.2 Hz.
The frequency range of the eighth layer high-frequency component (dg) is between 0.189 and 0.378 Hz.
The top image in Figure 12b presents the part of Figure 10e. The period 17-30 s was chosen because
the low-frequency energy band is more stable in this period.

Since previous literature showed that this low-frequency instability behaviour occurred during
the evolution process from the near wake to the complete three-dimensional flow, we selected two
different vertical positions in the formation region of the large-scale structure.

In the wavelet spectrum of the time series signal of the streamwise fluctuating velocity at Psgp
(Figure 12b: top), the low-frequency strong-energy band is between 0.19 and 0.38 Hz. The P-point
located at different vertical positions of the wake shear layer in the three-dimensional wake also
captures the unsteady spanwise and streamwise pulsation between 0.19 and 0.38 Hz (Figure 12b:
centre and bottom).

As shown in the top of Figure 12b, the large-scale structures exhibit strong coherence in the
streamwise direction at 17-21 s in the A-period and at 25-29 s in the C-period. At the same time,
the wake shear layer experiences evident streamwise pulsation (Figure 12b: bottom).

The large-scale structures show weak coherence in the streamwise direction at 21-25 s in the
B-period (Figure 12b: top). However, in the B-period, the wake shear layer experiences evident
spanwise pulsation (Figure 12b: centre).

There are two distinct situations in the formation region of the large-scale structure, one exhibits
strong coherence in the streamwise direction with evident streamwise pulsation; and the other exhibits
weak coherence in the streamwise direction with evident spanwise pulsation. The transition period
of these two situations is approximately 4 s, and the corresponding frequency is 0.25 Hz (between
0.19 and 0.38 Hz in the low-frequency energy band). Therefore, the low-frequency instability was
attributed to the unsteady pulsation of the formation region of the large-scale structure.

In addition, the wavelet spectrum corresponds to the frequency band of coherent structures and
low-frequency instability, and its spectral intensity and frequency change with time. The change with
respect to time can reveal more physical characteristics of the flow. In addition, it indicates that the
wavelet analysis is more representative than the traditional Fourier analysis in certain aspects.
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Figure 12. For a wind turbine wake with configuration C, P (3000, —540, 505) was selected in the
z = 505 mm plane. P and Ps(, (3000, —540, 0) are at different vertical positions of the wake shear layer.
(a) schematic diagram, (b): The top image is the wavelet spectrum of the time series signal of the
streamwise fluctuating velocity at Ps(;, the central image is the eighth layer high-frequency component
(dg) of the time series signal of the spanwise fluctuating velocity at P and the bottom picture is the
eighth layer high-frequency component (dg) of the time series signal of the streamwise fluctuating
velocity at P; P and Ps5gp were measured synchronously.
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4. Conclusions

In this study, wind tunnel experiments were conducted to explore the effect of solidity on
near wake instability of vertical-axis wind turbine. In the near wake region, the high-frequency
small-scale coherent structure induced by the rotation effect is dominant. With increasing solidity,
the rotation induction effect increases gradually. With further increasing solidity, the re-circulation
region appears, the rotation induction effect is weakened and the energy in the wake is redistributed.
The high-frequency small-scale structure loses gradually coherence, and the low-frequency energy is
gradually strengthened. Moreover, the high-frequency blade vortex shedding under turbulent wake
loses its coherence and dissipates rapidly, which leads to the appearance of strong wake shear layer
structures. The strong entrainment structure of the wake shear layer and coherent vortex structure
near the re-circulation region finally fall off, which leads to periodic large-scale vortex shedding.
Consequently, the VAWT wake presents a bluff body wake mode; that is, low-frequency large-scale
periodic vortex shedding dominates the wake development. During the evolution process from the
near wake to the complete three-dimensional flow, another low-frequency instability occurs along
with the low-frequency large-scale vortex shedding. This low-frequency instability is attributed to the
unsteady pulsation of the formation region of the large-scale structure.

Author Contributions: Conceptualization, L.Z. and K.W.; data curation, K.W.; formal analysis, K.W.; investigation,
K.W.; methodology, K.W. and A.W.; project administration, Y.J.; resources, L.Z.; software, A.W.; supervision, Y.J.;
validation, A.W.; visualization, K.W.; writing—original draft, KW.; writing—review and editing, Y.J. and T.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Qingdao National Laboratory for Marine Science and Technology
(QNLM20160RP0402); Defense Industrial Technology Development Program (SXJQR2018WDKT02); State Key
Laboratory of Structural Analysis for Industrial Equipment(518408); and National Natural Science Foundation of
China (51975032) & (51939003).

Acknowledgments: The authors would like to thank Qingdao National Laboratory for Marine Science and
Technology, Defense Industrial Technology Development Program, State Key Laboratory of Structural Analysis
for Industrial Equipment, and National Natural Science Foundation of China.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Balduzzi, F; Bianchini, A.; Carnevale, E.A.; Ferrari, L.; Magnani, S. Feasibility analysis of a Darrieus
vertical-axis wind turbine installation in the rooftop of a building. Appl. Energy 2012, 97, 921-929. [CrossRef]

2. Tjiu, W,; Marnoto, T.; Mat, S.; Ruslan, M.H.; Sopian, K. Darrieus vertical axis wind turbine for power
generation ii: Challenges in HAWT and the opportunity of multi-megawatt darrieus VAWT development.
Renew. Energy 2015, 75, 560-571. [CrossRef]

3.  Fortunato, B.; Dadone, A.; Trifoni, V. A theoretical model for the prediction of vertical axis wind turbine performance.
In Proceedings of the 31th AIAA Aerospace Sciences Meeting, Reno, NV, USA, 11-14 January 1993.

4. Cheng, Z.S.; Madsen, H.A.; Gao, Z.; Moan, T. A fully coupled method for numerical modeling and dynamic
analysis of floating vertical wind turbines. Renew. Energy 2017, 107, 604-619. [CrossRef]

5. Madsen, H.A; Larsen, T.J.; Paulsen, U.S,; Vita, L. Implementation of the actuator cylinder flow model in the
HAWC2 code for aeroelastic simulations on vertical axis wind turbines. In Proceedings of the 51st ATAA
Aerospace Sciences Meeting, Reno, TX, USA, 7-10 January 2013.

6. De Tavernier, D.; Ferreira, C. An extended actuator cylinder model: Actuator in actuator cylinder (AC-squared)
model. Wind Energy 2019, 22, 1058-1070. [CrossRef]

7. Newman, B.G. Actuator-disc theory for vertical-axis wind turbines. |. Wind Eng. Ind. Aerod. 1983, 15, 347-355.
[CrossRef]

8.  Batten, WM.].; Harrison, M.E.; Bahaj, A.S. Accuracy of the actuator disc-rans approach for predicting the
performance and wake of tidal turbines. Philos. Tran. R. Soc. A Math. Phys. Eng. Sci. 2013, 371, 20120293.
[CrossRef] [PubMed]

9.  Medici, D.; Alfredsson, PH. Measurements on a wind turbine wake: 3D effects and bluff body vortex
shedding. Wind Energy 2006, 9, 219-236. [CrossRef]


http://dx.doi.org/10.1016/j.apenergy.2011.12.008
http://dx.doi.org/10.1016/j.renene.2014.10.039
http://dx.doi.org/10.1016/j.renene.2017.02.028
http://dx.doi.org/10.1002/we.2340
http://dx.doi.org/10.1016/0167-6105(83)90204-0
http://dx.doi.org/10.1098/rsta.2012.0293
http://www.ncbi.nlm.nih.gov/pubmed/23319711
http://dx.doi.org/10.1002/we.156

J. Mar. Sci. Eng. 2020, 8, 365 20 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Araya, D.B.; Colonius, T.; Dabiri, J.O. Transition to bluff-body dynamics in the wake of vertical-axis wind
turbines. J. Fluid Mech. 2017, 813, 346-381. [CrossRef]

Park, C.; Lee, S. Free end effects on the near wake flow structure behind a finite circular cylinder. J. Wind Eng.
Ind. Aerod. 2000, 88, 231-246. [CrossRef]

Yang, D.; Pettersen, B.; Andersson, H.I.; Narasimhamurthy, V.D. On oblique and parallel shedding behind an
inclined plate. Phys. Fluids 2013, 25, 054101. [CrossRef]

Najjar, EM.; Balachandar, S. Low-frequency unsteadiness in the wake of a normal flat plate. J. Fluid Mech.
1998, 370, 101-147. [CrossRef]

Wu, S.J.; Miau, ].J.; Hu, C.C.; Chou, ].H. On low-frequency modulations and three-dimensionality in vortex
shedding behind a normal plate. J. Fluid Mech. 2005, 526, 117-146. [CrossRef]

Miau, J.J.; Wang, J.T.; Chou, J.H.; Wei, C.Y. Characteristics of low-frequency variations embedded in
vortex-shedding process. J. Fluids Struct. 1999, 13, 339-359. [CrossRef]

Miau, ] J.; Wang, ].T.; Chou, J.H.; Wei, C.Y. Low-frequency fluctuations in the near-wake region of a trapezoidal
cylinder with low aspect ratio. J. Fluids Struct. 2003, 17, 701-715. [CrossRef]

Miau, J.J.; Wu, S.J.; Hu, C.C.; Chou, ].H. Low-frequency modulations associated with vortex shedding from
flow over bluff body. AIAA J. 2004, 42, 1388-1397. [CrossRef]

Berger, E.; Scholz, D.; Schumm, M. Coherent vortex structures in the wake of a sphere and a circular disk at
rest and under forced vibrations. J. Fluids Struct. 1990, 4, 231-257. [CrossRef]

Ross, I.; Altman, A. Wind tunnel blockage corrections: Review and application to savonius vertical-axis
wind turbines. J. Wind Eng. Ind. Aerod. 2011, 99, 523-538. [CrossRef]

McAuliffe, B.R.; Larose, G.L. Reynolds-number and surface-modeling sensitivities for experimental simulation
of flow over complex topography. J. Wind Eng. Ind. Aerod. 2012, 104-106, 603—613. [CrossRef]

Lam, H.E; Peng, H.Y. Measurements of the wake characteristics of co- and counter-rotating twin h-rotor
vertical axis wind turbines. Energy 2017, 131, 13-26. [CrossRef]

Sumner, D.; Heseltine, ].L.; Dansereau, O.].P. Wake structure of a finite circular cylinder of small aspect ratio.
Exp. Fluids 2004, 37, 720-730. [CrossRef]

Howell, R.; Qin, N.; Edwards, J.; Durrani, N. Wind tunnel and numerical study of a small vertical axis wind
turbine. Renew. Energy 2009, 35, 412—422. [CrossRef]

Tescione, G.; Ragni, D.; He, C.; Ferreira, C.J.S.; Bussel, G.J.W.V. Near wake flow analysis of a vertical axis
wind turbine by stereoscopic particle image velocimetry. Renew. Energy 2014, 70, 47-61. [CrossRef]

Araya, D.B.; Dabiri, ].O. A comparison of wake measurements in motor-driven and flow-driven turbine
experiments. Exp. Fluids 2015, 56, 150. [CrossRef]

Posa, A.; Parker, C.M.; Leftwich, M.C.; Balaras, E. Wake structure of a single vertical axis wind turbine. Int. J.
Heat Fluid Flow 2016, 61, 75-84. [CrossRef]

Farge, M. Wavelet transforms and their applications to turbulence. Ann. Rev. Fluid Mech. 1992, 24, 395-457.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1017/jfm.2016.862
http://dx.doi.org/10.1016/S0167-6105(00)00051-9
http://dx.doi.org/10.1063/1.4802046
http://dx.doi.org/10.1017/S0022112098002110
http://dx.doi.org/10.1017/S0022112004002721
http://dx.doi.org/10.1006/jfls.1999.0206
http://dx.doi.org/10.1016/S0889-9746(03)00007-0
http://dx.doi.org/10.2514/1.1559
http://dx.doi.org/10.1016/S0889-9746(05)80014-3
http://dx.doi.org/10.1016/j.jweia.2011.02.002
http://dx.doi.org/10.1016/j.jweia.2012.03.016
http://dx.doi.org/10.1016/j.energy.2017.05.015
http://dx.doi.org/10.1007/s00348-004-0862-7
http://dx.doi.org/10.1016/j.renene.2009.07.025
http://dx.doi.org/10.1016/j.renene.2014.02.042
http://dx.doi.org/10.1007/s00348-015-2022-7
http://dx.doi.org/10.1016/j.ijheatfluidflow.2016.02.002
http://dx.doi.org/10.1146/annurev.fl.24.010192.002143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	VAWT Model and Wind Tunnel Facility 
	Aerodynamic Performance and Wake Measurements 

	Results and Discussion 
	Aerodynamic Performance 
	Mean Wake Characteristics and Turbulent Wake Characteristics 
	The Dynamic Characteristics of Wake Evolution 
	The Influence of Operation State on the Wake of VAWT 
	Double Low-frequency Instability Mode of Bluff Body Wake of VAWT 

	Conclusions 
	References

