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ABSTRACT

The evolution laws of the large-eddy coherent structure of the wind turbine wake have been evaluated via
wind tunnel experiments under uniform and turbulent inflow conditions. The spatial correlation coefficients, the
turbulence integral scales and power spectrum are obtained at different tip speed ratios (TSRs) based on the time-
resolved particle image velocity (TR-PIV) technique. The results indicate that the large-eddy coherent structures
are more likely to dissipate with an increase in turbulence intensity and TSR. Furthermore, the spatial correlation of
the longitudinal pulsation velocity is greater than its axial counterpart, resulting into a wake turbulence dominated
by the longitudinal pulsation. With an increase of turbulence intensity, the integral scale of the axial turbulence
increases, meanwhile, its longitudinal counterpart decreases. Owing to an increase in TSR, the integral scale of
axial turbulence decreases, whereas, that of the longitudinal turbulence increases. By analyzing the wake power
spectrum, it is found that the turbulent pulsation kinetic energy of the wake structure is mainly concentrated in
the low-frequency vortex region. The dissipation rate of turbulent kinetic energy increases with an increase of
turbulence intensity and the turbulence is transported and dissipated on a smaller scale vortex, thus promoting the
recovery of wake.
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1 Introduction

When air flows through a rotating wind wheel, the momentum tends to decrease thereby forming
a local viscous region wherein the wind speed decreases in the downstream of the wind wheel rotor.
This region in the wind turbine is known as wake, which is a continuous large-scale turbulent coherent
structure that comprises associated vortexes and ordered vortexes components in the space range [1].
The characteristics of fluid diffusion, mixing, and transportation dominate in the wake, thus rendering
it the main source of flow noise [2,3]. Therefore, an in-depth study of the characteristics of the coherent
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structure of the wake can provide significant guidance for the control of energy transport, mixing, and
aerodynamic noise.

In recent years, with the application of computational fluid dynamics technology [4–10] and
advanced experimental measurement methods, significant advancements have been made in the study
of turbulence mechanisms occurring within the coherent structures [11–14], especially in the complex-
wall turbulence structures [15–19]. Numerous scholars have also carried out relevant studies on wind
turbine wake turbulence. Chamorro et al. [20] used high-frequency particle image velocimetry (PIV) to
conduct spectral analysis and correlation analysis of the turbulence characteristics of a wind turbine,
particularly, they explored the coherent structure and interactions between a wind turbine’s wake
model and the mainstream outside. España et al. [21] used a hot-wire anemometer to test the velocity
spectrum and the space-time correlation characteristics of the wake of a wind turbine model and
the actuator disk in a wind tunnel, respectively. Toloui et al. [22] used spectral analysis to find the
peak flow frequency near the tip, and inferred that it was caused by tip vortex shedding. Based on
PIV experiments performed via autocorrelation and scale-independent analysis, Howard et al. [23]
found that large-scale wake meander due to the small-scale vortex motions of the hub vortex and
wake shear layers. Jin et al. [24] analyzed the wake structure of a wind turbine using two models (free
flow and grid flow), thereby focusing on the evolution laws of the integral scale and the contribution of
background turbulence to the large-scale vortex motion, results indicated that background turbulence
plays a central role in the flow recovery in the turbine wake. Liu et al. [25] used a hot-wire anemometer
in a wind tunnel to test the wake of two wind farm models with different layouts, while studying the
spatial distribution laws of the integral time scale of turbulence in a wind farm. As a result, they found
that the arrangement spacing of units can affect the evolution of the integral time scale of turbulence.

The above mentioned results have contributed to the understanding of the structures of wind
turbine wakes, while revealing the flow mechanism of the wind turbine wake to some extent. However,
there is a need to visualize the influence of turbulence intensity on the motion trajectory of the blade
tip vortex. Furthermore, the evolution laws for the large-vortex coherent structures still need to be
determined [26,27].

The time-resolved PIV (TR-PIV) technology can not only display the physical form of the wake
and provide quantitative information of the instantaneous flow field, but it can also break through
the shortcomings of the single-point measurement methods, such as the hot-wire anemometer and
the laser doppler velocity methods. Moreover, it can obtain the turbulence integral scale directly by
the method of spatial correlation of pulsation velocity [28–30], and has a precision capability similar
to that of hot-wire anemometers and its qualitative results are similar to those obtained using the
flow display technology. Compared with the traditional two-dimensional PIV technique, TR-PIV
technology has a high spatial and temporal resolution, which is suitable for measuring the dynamic
parameters of an unsteady flow field, such as Reynolds stress, turbulent intensity, and turbulent kinetic
energy. Therefore, the TR-PIV technology is applicable to wake turbulence and other complex flow
measurements [31,32], moreover, it can effectively reveal the transient characteristics of the blade tip
vortex [33,34]. Furthermore, it can determine the spatial correlation of the wake structure.

In the present study, the wake of a horizontal axis wind turbine was studied under uniform and
turbulent inflow conditions using TR-PIV in the closed test section of a low-speed wind tunnel.
Based on this, we obtained the wake turbulence characteristics, correlation coefficient, and turbulence
integral scale of the wind turbine model. This is conducive to further understanding the essence of
turbulence, which would reveal the unsteady evolution laws of a large-eddy coherent structure, and
provide experimental data for performing numerical calculations of a wind turbine wake.
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2 Experimental Setup

The wind tunnel is mainly composed of a dynamic section, a rectification section, a contraction
section, a closed test section, a diffuser, and an open test section, with a length of 24.59 m. The
maximum inflow wind speed can reach 60 m/s. All experiments are conducted in the closed test section
that has a 2.5 m length, a half expansion angle of 0.46° and a square cross-sectional area increases from
920 mm × 920 to 1000 mm × 1000 mm.

2.1 Wind Turbine Model
The NACA4415 horizontal axis wind turbine model is installed at the closed test section of the

B1/K2 wind tunnel. Fig. 1 shows the wind turbine model. It is a 100 W miniature two-blade wind
turbine with a diameter of D = 300 mm, and the size rate of the model to the wind prototype is 1:4.7.
The main shaft of the wind turbine model has a distance of 450 mm from the ground. The nacelle has
a length of 54 mm and a diameter of 35 mm, and the tower diameter is 20 mm. The blockage ratio of
the wind tunnel is 8.4% < 10% which ratio meets the requirements of the wind tunnel test [35,36].

Figure 1: Wind turbine model of NACA airfoil

2.2 Grid Design
Turbulence intensity (TI) is one of the important parameters to describe the characteristics of

wake flow of wind turbines. The mathematical representation is as follows:

TI = u′

U
(1)

where, u ′ represents the root mean square of pulsating velocity, and U represents the average velocity.

Typically, the turbulence intensity is less than 0.2% when the atmospheric boundary layer of the
wind tunnel flows freely. According to the information provided by IEC61400-1 [37], in wind farms,
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when the annual average wind speed is in the range of 5–20 m/s, the turbulence intensity exists between
10%–20%. Consequently, for this study, two types of square grids with porosity, double-sided wooden
structure were designed, manufactured, and used as turbulence generators to form a flow field with
turbulence intensity between 10%–20%.

The two types of grids used in the experiment are: grid A, with 67% porosity and 16% turbulence
intensity of inflow; and grid B, with 45% porosity and 12% turbulence intensity of inflow. The
schematic diagrams of these grids are provided in Fig. 2.

(a) grid A (b) grid B

Figure 2: Model of grid A and grid B

2.3 TR-PIV
In this experiment, the TR-PIV test system uses the Nd:YLF DY300 high repetition rate laser

(German LaVision Company, Germany) with the maximum output power of 150 W, pulse width of
100 ns. The maximum frame rate of high-speed 12 bit charge-coupled device (CCD) camera can be up
to 5400 fps, and the frame rate in this experiment is set at 1000 fps, while the corresponding resolution
is 1024 × 1024 pixels. Tracer particles are using glycol and glycerol, and its average particle diameter is
1–3 μm. Sampling frequency range is 1–10 kHz, that is, 103–104 samples can be collected per second,
which is suitable for the study of turbulence characteristics.

By vector calculation, the TR-PIV data and the mode for the correlation can be obtained. The
cross correlation algorithm is used to calculate the vector field of two single-exposure images. TR-PIV
is evaluated using a multi-channel method with decreasingly smaller window sizes, and the window
sizes are between 32 × 32 pixels and 64 × 64 pixels and overlapping rates of 75% and 50%, respectively.
Furthermore, the high accuracy mode for the final passes is applied in order to a more sophisticated
reconstruction algorithm can be used for the image correction and reconstruction.

2.4 Experimental Scheme
The size of the experimental shooting window is 200 mm × 200 mm, as shown in the Fig. 3. The

horizontal direction of the downstream development of wake is considered as the positive direction of
the X-axis and the upward direction perpendicular to the tip is the positive Y-axis.
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Figure 3: TR-PIV shooting window

During the test, the axial position of the mobile wind turbine model and the grid is adopted to
replace the position of the moving CCD camera and the laser light source for shooting. This ensures
that the phase position of the shooting surface, laser generator, and high-speed acquisition CCD
camera can be fixed, which improves the testing accuracy and shortens the testing time.

Considering limitations of the experimental conditions in the closed test section, the wind turbine
moves an axial position every 300 mm (i.e., 1 D) during the test. When there is no grid (uniform
inflow), the wind turbine can move a total of 5 locations (1#–5#) for shooting. Whereas when there
is a grid (turbulent inflow), the wind turbine can only move 3 locations (1#–3#). This is because the
grid needs to maintain a certain distance from the wind turbine to ensure the formation of uniform
turbulence. The axial movement of the wind turbine and grid model is illustrated in Fig. 4. In the
present experiments, the inflow wind velocity is 10 m/s, the TSRs (λ) are in the range of 4–6. The
testing conditions are summarized in Table 1.

Figure 4: Schematic diagram of measurement method
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Table 1: Testing conditions set

TSR (λ) Blade tip speed (m/s) Wheel rotation speed (r/min)

4 40 2548
5 50 3185
6 60 3822

2.5 Experimental Error Analysis
The turbulence intensity in the closed test section of the wind tunnel is 0.1% by conducting

statistical analysis on the sample data of 1000 velocity vector graphs, which can meet the requirements
of a stable incoming wind speed for the wind turbine. This ensures that the incoming flow field in the
test area is uniform, stable, and horizontal.

3 Experimental Results and Analysis

The spatial correlation coefficient is used to quantitatively describe the spatial dependence of
physical quantities. Through the spatial correlation coefficient, the correlation of the pulsation velocity
between the study points and the target point in the wake region can be analyzed, and on this basis,
the significant coherent structure characteristics in the flow can be obtained. The expression of spatial
correlation coefficient is as follows Eq. (2):

C(r) = u′ (r0) u′ (r0 + r)
√

u′2 (r0)

√
u′2 (r0 + r)

(2)

C (r) the spatial correlation coefficient between two points whose radial distance is r, u′ (r0)

represents the pulsation velocity of the target point, u′ (r0 + r) represents the pulsation velocity of
research points.

The point near the blade tip behind the wind rotor is more suitable for power spectrum analysis
of fluctuating wind speed because that the tip vortex area is a typical large-eddy coherent structure.
Therefore, the point (30 mm, 170 mm) near the blade tip behind the wind rotor at location 1# is selected
as the target point. The symbol of “×” represents its location in Fig. 3. By TR-PIV post-processing
system, the cloud diagrams of correlation coefficients of the axial and longitudinal pulsation velocities
were obtained under uniform inflow (TI = 0.1%) at five axial locations along with the turbulent inflow
at three axial locations (TI = 12%, TI = 16%) and then splice them as illustrated in Figs. 5a–5f, when
U = 10 m/s, λ = 4. It can only independently complete the spatial correlation between the research

points and the target point in each shooting window, but cannot calculate the correlation between the
target point at location 1# and the research points in each window downstream of the wake. In this
way, the spatial correlation coefficient of each window at the target point is 1. The evolution law of the
formation, development and dissipation of the wake large vortex coherent structure cannot be shown.
The large eddy coherent structure in reference [38] is also obtained by the above method.
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Figure 5: Cloud diagram of axial and longitudinal space correlation coefficients at different inflow
conditions by PIV post-processing system (a) TI = 0.1%, Cx (b) TI = 0.1%, Cy (c) TI = 12%, Cx (d)
TI = 12%, Cy (e) TI = 16%, Cx (f) TI = 16%, Cy

3.1 Coherent Structure Analysis
Based on the instantaneous velocity data measured by TR-PIV, the correlation between the

research points at locations 2#–5# and the target point at location 1# were calculated by programming
in PYTHON according to Eq. (2). The coherent structure evolution law caused by the wake turbulence
was presented, which made up for the shortage of spatial correlation calculation of TR-PIV post-
processing system. The correlation coefficients of the axial and longitudinal pulsation velocities were
obtained under uniform inflow and turbulent inflow, when U = 10 m/s, λ = 4, 5 and 6, as illustrated
in Figs. 6 and 7.



2304 EE, 2022, vol.119, no.6

Figure 6: Cloud diagrams of axial and longitudinal space correlation coefficients of uniform inflow
(TI = 0.1%) at different λ by PYTHON programming (a) λ = 4, Cx (b) λ = 5, Cx (c) λ = 6, Cx (d)
λ = 4, Cy (e) λ = 5, Cy (f) λ = 6, Cy
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Figure 7: Cloud diagrams of axial and longitudinal space correlation coefficients under turbulent
inflow at different λ by PYTHON programming (a) TI = 12%, λ = 4, Cx (b) TI = 12%, λ = 5, Cx
(c) TI = 12%, λ = 6, Cx (d) TI = 12%, λ = 4, Cy (e) TI = 12%, λ = 5, Cy (f) TI = 12%, λ = 6, Cy
(g) TI = 16%, λ = 4, Cx (h) TI = 16%, λ = 5, Cx (i) TI = 16%, λ = 6, Cx (j) TI = 16%, λ = 4, Cy
(k) TI = 16%, λ = 5, Cy (l) TI = 16%, λ = 6, Cy
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Figs. 6a–6c depict that there are obvious periodic coherent structures of the axial pulsation
velocity under uniform inflow. Each independent correlation area corresponds to a pair of opposite
coherent structures in the longitudinal direction, and every two pairs of positive and negative
correlation structures represent the axial distribution of a complete tip vortex tube structure. The
positive correlation characterizes the axial pulsation velocity of the calculated point in the same
direction as the study point and in the same vortex core. The negative correlation indicates that the
calculated point’s axial pulsation velocity is either opposite to that of the study point, or in different
vortex structures. Under test conditions, two and a half of the tip vortex tube structure at the 1# test
window whereas only one and a half of the same structure at the test window 5# can be observed.
With the migration of trajectory expansion and outward motion, the number of recognizable axial
coherent structures decreases. Simultaneously, a dissipation trend of the tip vortex is observed due to
the viscous effect in addition to an increase in the vortex core diameter, even when the bigger vortexs
merge.

Through the analysis of Figs. 6d–6f, it shows that there are also regular coherent structures
of the longitudinal pulsation velocity. Different from Figs. 6a–6c, with the development of wakes,
positive and negative coherent structures are alternately generated from left to right to represent the
distribution characteristics of the longitudinal pulsation velocity correlation of the wake spiral vortex
tube. With the downstream development of the wake, the longitudinal coherent structures gradually
become shorter and then dissipate gradually.

By comparing Figs. 6 and 7, it can be seen that, when TI = 0.1%, within the 4.5 D range, the
large-eddy coherent structures remain intact at λ = 4 and λ = 5, positive and negative correlation
structures appear alternately, and the periodic coherent structures always exist. However, at λ = 6,
the periodic coherent structures become less obvious from 3# location, indicating that the coherent
structures dissipate more easily with an increase of λ. Further, with the downstream development of
the wake, both axial and longitudinal correlation structures gradually become shorter and inclined,
and the spacing of the coherent structures increases, thus indicating that: the coherent structures have
viscous dissipation and gradually become unstable, and the diameter of the tip vortex core increases.

Under turbulent inflow, the axial and longitudinal coherent structures in the location 1# can also
be identified, however, those in the locations 2# and 3# cannot be identified. By comparison, it is
found that the large-eddy coherent structure of the longitudinal pulsation velocity is dominant to that
of the axial one. This indicates that the behavior of longitudinal entrainment is stronger than the axial
diffusion of coherent structures.

The number of identified coherent structures increases with an increase in tip speed ratio, it also
shows that the tip vortex distance decreases, namely, the wake cycle of the coherent structure is reduced,
coherent structures become closer, the enhanced interaction between tip vortexes makes the coherent
structures more vulnerable to breakage.

3.2 Spatial Correlation Coefficient Analysis
The quantitative analysis of the coherent structures in Figs. 6 and 7 is shown in Figs. 8–10. An

analysis of Figs. 8–10 presents that there are several obvious peaks in the axial and longitudinal
correlation coefficient within the 4.5 D range, which gradually attenuates as the wake develops
downstream under uniform inflow. The external mainstream disturbance is strengthened, and the
peak value of spatial correlation coefficient and the number of peaks decrease significantly under
turbulent inflow, indicating that the decay of periodic coherent structures is accelerated and the
coherent structures finally disappear.
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Figure 8: Distribution of axial and longitudinal space correlation coefficients at different λ when
TI = 0.1% (a) λ = 4, Cx (b) λ = 5, Cx (c) λ = 6, Cx (d) λ = 4, Cy (e) λ = 5, Cy (f) λ = 6, Cy
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Figure 9: Distribution of axial and longitudinal space correlation coefficients at different λ when
TI = 12% (a) λ = 4, Cx (b) λ = 5, Cx (c) λ = 6, Cx (d) λ = 4, Cy (e) λ = 5, Cy (f) λ = 6, Cy
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Figure 10: Distribution of axial and longitudinal space correlation coefficients at different λ when
TI = 16% (a) λ = 4, Cx (b) λ = 5, Cx (c) λ = 6, Cx (d) λ = 4, Cy (e) λ = 5, Cy (f) λ = 6, Cy
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The number of peaks and peak value of the correlation coefficient of the axial and longitudinal
space increases along with an increase in the tip speed ratio. This indicates an increasing of the number
of identifiable coherent structure, however, the peak attenuation speed accelerates simultaneously. The
longitudinal spatial correlation coefficient is significantly greater than that in the axial direction. This
indicates that the longitudinal correlation structure is less likely to decay than the axial one. Moreover,
the wake turbulence is characterized by longitudinal pulsation, which is consistent with the conclusions
derived earlier in Subsection 3.1.

3.3 Turbulence Integral Scale Analysis
From a physical view, the pulsation velocity correlation coefficient between two points can

represent the influence range of the vortex strength. If r (represents the distance between the target
point and the research point) is large, C (r) is still large, which qualitatively reflects the feature that a
vortex in the wake has a large scale. On the contrary, if r is small, C (r) is also small, thus indicating
that the eddy scale near the measuring point is small. However, the correlation coefficient can only
reflect the influence range of the vortex, but cannot provide its spatial scale.

The turbulence integral scale is a concept based on the statistical average, which can approximately
reflect the average scale of the overall vortex in the turbulence field, and is called the “large scale” of
turbulence, i.e., the scale of the large vortex. By integrating the spatial correlation coefficient along the
radial direction, the quantity with length dimension is obtained, which is called the turbulence integral
length scale Lr. The calculation formula is shown in Eq. (3):

Lr =
r−max

∫
0

C (r) dr (3)

C (r) is the spatial correlation coefficient in Eq. (2), r–max represents the geometric scale that
makes C (r) = 0 for the first time.

The spatial correlation coefficient of the pulsation velocity were extracted, when U = 10 m/s , λ =
4, 5 and 6, under uniform inflow and turbulent inflow. Subsequently, the integral scales of the axial and
longitudinal turbulences at different axial positions are calculated using Eq. (3), as shown in Tables 2
and 3. Lx1 represents the axial integral scale of location #1, likewise, Ly1 represents the longitudinal
integral scale of location 1#. The integral scales of the other positions and so on.

Table 2: The axial & longitudinal TIS at different location and different λ Lx, Ly (mm)

λ Lx1 Lx2 Lx3 Lx4 Lx5 Ly1 Ly2 Ly3 Ly4 Ly5

4 15.9 16.9 19.4 21.6 23.9 88.2 41.6 36.3 21.9 17.9
5 15.1 15.4 15.6 17.2 19.3 90.3 43.8 41.5 28.3 22.3
6 11.5 12.2 14.3 15.1 15.8 94.2 50.8 39.9 35.2 24.2

By comparative analysis, it is found that the integral scale of axial turbulence gradually increases
with the downstream development of wake, which indicates that the large-scale vortex gradually
expands and diffuses along the mainstream direction. On the contrary, the integral scale of longi-
tudinal turbulence gradually decreases, which indicates that the vortex structure is squeezed in the
longitudinal direction. With an increase in the tip speed ratio, the integral scale of axial turbulence
decreases, while that of longitudinal turbulence increases. With an increase in turbulence intensity, the
integral scale of axial turbulence increases, meanwhile, that of its longitudinal counterpart decreases.
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Table 3: The axial & longitudinal TIS at different location and different inflow when λ = 5 Lx, Ly

(mm)

TI Lx1 Lx2 Lx3 Lx4 Lx5 Ly1 Ly2 Ly3 Ly4 Ly5

0.1% 15.1 15.4 15.6 17.2 19.3 90.3 43.8 41.5 28.2 22.3
12% 16.3 18.0 27.5 24.3 18.8 14.1
16% 18.2 21.4 31.7 21.2 16.2 11.1

3.4 Power Spectrum Analysis
The Fourier transform of the signal is the frequency spectrum, which is another way of represent-

ing the signal. The power spectrum is the Fourier transform of the autocorrelation function of the
signal, that is, the signal is calculated autocorrelation, and then the Fourier Transformation, which
describes the relationship between the energy characteristics of a signal and the frequency, can be used
to analyze the carrying of different frequency components [39].

Su (ω) = +∞∫
−∞

Ru (τ ) e−jωtdτ (4)

Eq. (4) is the power spectrum of the random process u (τ ). Ru (τ ) is the autocorrelation function
of u (τ ), and ω is the circular frequency (ω = 2πf ).

According to the K41 theory, the energy spectrum curve of homogeneous isotropic turbulence
with large Reynolds number has energy region, inertia sub-region and dissipative region. The transport
process of turbulent kinetic energy in the inertia sub-region is as follows: turbulent pulsation transmits
step by step from large-scale vortex (energy-containing region) to small-scale vortex (dissipative
region), The turbulent vortex absorbs the energy of the large scale vortex and transfers it to the small
scale turbulent vortex without dissipation. The slope of inertial sub-region distribution in the energy
spectrum is −5/3. To better understand the multi-scale characteristics of wind turbine wakes we need
to understand the influence of the scale range on wake structure to carry out pulsating velocity power
spectrum analysis on wind turbine wakes, and to discuss the energy transfer characteristics between
multi-scale vortex systems.

Under uniform inflow and turbulent inflow, U = 10 m/s and the power spectrum at the tip
vortex at λ = 5 were extracted, as shown in Fig. 11. From the power spectrum plotted in Fig. 11a,
it can be seen that: when TI = 0.1%, Su and Sv have significant peaks at 2 ft and 4 ft, 6 ft (ft is
the fundamental frequency, the wind turbine rotating frequency), which further correspond to the
recognition of the large eddy coherent structure. As the wake downstream development, the peak
value decreases and the coherent structures gradually dissipate. However, the peak value always exists
within 4.5 D scope. The characteristic frequency is approximately 30 Hz, and as the wake develops
downstream, it gradually decreases. This indicates that the scope of the inertial sub-region gradually
expands as more fluids participate in the inertial transport, which is conducive to the wake mixing and
recovery. When turbulent inflow during Figs. 11b and 11c, presents the following: at location 1#, Su

and Sv have obvious peak values, which are identifiable to the coherent structure, whereas at locations
2# and 3#, no obvious peak is observed. With the full development of turbulence, large vortexes break
into small vortexes, and the width of the inertia sub-region increases as the wake develops downstream,
which also indicates that the wake merges with the mainstream and enters the far wake region.
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Figure 11: (Continued)
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Figure 11: Power spectrum at different location (a) TI = 0.1% (b) TI = 0.1% (c) TI = 16%

The turbulent power spectrum value in either direction decreases rapidly as an increase of the
frequency, which indicates that the turbulent pulsation kinetic energy gradually attenuates. It can be
seen that the turbulent pulsation kinetic energy is mainly provided by the vortex with low frequency.
From the perspective of the turbulent power spectrum value, the power spectrum peak in the X
direction is significantly smaller than in the Y direction with the wake moving downstream. This
implies that the attenuation of the turbulent pulsation kinetic energy in the Y direction is weaker
than that in the X direction. Furthermore, this confirms the conclusion that longitudinal correlation
is greater than axial correlation.

If the pulsation components of various frequencies are considered as turbulent vortexs of different
scales, these scales are a concept of uncertainty. There are several typical scales in wake turbulence [40]:

L0: Macro scale and mainstream scale related to shear;

L: The integral scale is also called the energy-containing scale. The typical size of large vortexs is
discussed in Section 3.3 above;

γ : Taylor scale, which indicates the typical size of vortex in a lossless transfer region (inertial sub-
region);

η: Dissipation scale, which indicates the size of the minimum vortex; moreover, it agrees with the
continuity hypothesis;
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ζ : Molecular free path.

According to the cascade process of turbulent kinetic energy proposed by Richardson, the
dissipation rate of the turbulent kinetic energy (ε) and the turbulence scales at different axial positions
were calculated under uniform and turbulent inflow conditions, when U = 10 m/s, λ = 5, as
shown in Table 4. It indicates that the turbulent kinetic energy dissipation rate under uniform inflow is
approximately 10% of the turbulent inflow, which is not conducive to the recovery of the wake. With the
wake developing towards the downstream, the dissipation rate of turbulent kinetic energy decreases,
thus indicating that turbulence pulsation decreases along the wake. With an increase of turbulence
intensity, the dissipation rate of turbulent kinetic energy increases, and the Taylor and dissipation
scales decrease. So turbulence is transported and dissipated on a smaller scale vortex, which is more
conducive to the energy transfer between multi-scale vortex in the wake and promotes wake recovery.

Table 4: Summary of turbulent energy dissipation rate and turbulence scale

TI (%) TI = 0.1 TI = 12 TI = 16

l (mm) 1# 2# 3# 4# 5# 1# 2# 3# 1# 2# 3#

γ 5.71 5.42 5.83 5.54 5.72 2.70 2.81 2.92 2.56 3.01 3.23
η 0.18 0.24 0.27 0.29 0.32 0.10 0.12 0.13 0.85 0.10 0.11
ε (m2/s3) 2.89 1.02 0.61 0.47 0.31 21.3 18.2 13.4 28.8 14.7 9.85

4 Conclusions

Using the instantaneous velocity field data measured by TR-PIV, the spatial correlation coeffi-
cients of the pulsating velocity were calculated, with and without the grid. Subsequently, we obtained
the coherent structure, turbulence integral scale of the wind turbine wake and power spectrum under
different working conditions and explored the evolution laws of the large vortex coherent structure in
the wake of the wind turbine.

(1) The large vortex coherent structures in the wake of a wind turbine are periodic in nature.
With the wake developing downstream, the coherent structures gradually dissipate and spatial
correlation of pulsation velocity the correlation becomes worsen. The spatial correlation of
the longitudinal pulsation velocity is greater than that of the axial one, moreover, the wake
turbulence pulsation is dominated by the longitudinal pulsation. Furthermore, as the wake
developed downstream, the integral scale of axial turbulence gradually increases, whereas that
of the longitudinal turbulence decreases simultaneously. This indicates that the large-scale
vortex evolves and diffuses along the mainstream direction and that the vortex structure is
squeezed in the longitudinal direction.

(2) With an increase of turbulent intensity, the coherent structures tend to dissipate. When
TI = 0.1%, coherent structures of the large-scale vortex remain intact within 4.5 D, and a
regular periodic coherent structures always exist. Whereas, when TI = 12% and TI = 16%
inflow, the coherent structures almost disappear at 1.0 D. The integral scale of the axial
turbulence increases, whereas that of the longitudinal turbulence decreases simultaneously.
With an increase in the tip speed ratio, the tip vortex spacing decreases, and the identifiable
coherent structures increase. However, this structure is more likely to dissipate. The integral
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scale of the axial turbulence decreases, whereas that of the longitudinal turbulence increases
simultaneously.

(3) Several isolated peaks in the power spectrum represent the existence of coherent structure. If
the isolated peak cannot be identified in the power spectrum, it indicates the disappearance of
coherent structure. At this time, the large vortex is broken into small vortex, indicating that
the wake enters the far wake region. The isolated peak value could still be identified within
4.5 D when TI = 0.1% inflow, indicating that it still belongs to the near wake region. When
TI = 12% and TI = 16%, there is no isolated peak value in the power spectrum at 1.5 D, and
the coherent structure disappears, and the representative wake begins to enter the far wake
region.

(4) Through the wake power spectrum analysis, it is found that the turbulent pulsation kinetic
energy of the wake structure is mainly concentrated in the low-frequency large-scale vortex
region. The momentum transport in the inertial sub-region increases with the increase in
turbulence intensity, and that the width of the inertial sub-region (gradient = −5/3) increases
with the downstream wake development. Moreover, with an increase in turbulence intensity, the
dissipation rate of the turbulent kinetic energy increase, and the Taylor and dissipation scales
decrease. In other words, turbulence is transported and dissipated on a smaller scale vortex,
which is more conducive to the energy transfer between multi-scale vortexes in the wake and
promotes wake recovery.
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