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Abstract: During the expansion of a wind farm, the strategic placement of wind turbines can signifi-
cantly improve wind energy utilization. This study investigates the evolution of wake turbulence in
a wind farm after introducing smaller wind turbines within the gaps between larger ones, focusing
on aspects such as wind speed, turbulence intensity, and turbulence integral length scale. The flow
field conditions are described using parameters like turbulence critical length and power spectral
density, as determined through wind tunnel experiments. In these experiments, a single large wind
turbine model and nine smaller wind turbine models were used to create a small wind farm unit, and
pressure distribution behind the wind turbines was measured under various operating conditions.
The results indicate that downstream wind speed deficits intensify as the number of small wind
turbines in operation increases. The impact of these smaller turbines varies with height, with a
relatively minor effect on the upper blade tip and increasingly adverse effects as you move from the
upper blade tip to the lower blade tip. Through an analysis of power spectral density, the contribution
of vortex motion to wake turbulence kinetic energy is further quantified. In the far wake region, the
number of small wind turbines has a relatively small impact on wind speed fluctuations.

Keywords: wind farm; wakes; power spectral density; wind tunnels

1. Introduction

With the ongoing rejuvenation of aging wind farms, the installed capacity [1], rated
power, and dimensions of wind turbine units are continuously on the rise [2]. This results
in the coexistence of turbines with different models, sizes, and rated powers within a single
wind farm. Therefore, it is imperative to place greater emphasis on the wake interactions
among turbines of varying sizes. Such attention to detail is poised to contribute significantly
to enhancing overall performance and efficiency in wind farms.

The wake effect of wind turbines [3] is recognized as a crucial factor influencing the
performance of downstream turbines [4]. The wake effect results in an uneven distribution
of wind speed within the wind farm, impacting the operational conditions of each turbine
and subsequently affecting the overall operational state and power output of the wind
farm [5]. Relevant studies indicate that wake-induced average power losses range from 10%
to 23% of the total output power of the wind farm. If downstream units are entirely situated
within the wake of upstream turbines, power output can decrease by 30% to 40% [6,7].
Moreover, wakes also contribute to an increase in fatigue loads on downstream turbines,
consequently reducing the overall lifespan of the turbines [8].

The wake of wind turbines can be studied through wind tunnel experiments [9], and
scaled-down wind tunnel experiments can simulate wind turbine wakes. Fu et al. [10]
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used a wind tunnel to collect wake data from floating offshore wind turbines and they
discussed the influence of parameters like pitch and yaw oscillations on instantaneous
power output and wake characteristics. Zhao et al. [11] investigated the combination of
wind turbine pitch and yaw control and found that the yaw load of the unit was reduced
significantly under the combined effect of both, and the total power was increased by
about 1.7%. Heisel et al. [12] conducted wind tunnel experiments to study the meandering
characteristics of wakes at the hub height of wind turbines. Bastankhah and Porté-Agel [13]
pointed out that, in wind tunnel experiments, a high-speed region appears on the opposite
side of the wake meandering. Iungo et al. [14] used wind tunnel experiments to discover
that vortices generated near the wake’s end in the near wake region cause oscillations in
the wake meandering. Abraham et al. [15] experimentally investigated the effectiveness of
different types of rotor asymmetries in wake vortex evolution and proposed a method to
mitigate downstream wake effects. Piqué et al. [16] measured the variation in Reynolds
number on the velocity field at different flow positions of a horizontal axis wind turbine in
wind tunnel experiments. Gao et al. [17] validated the accuracy of the derived wake model
through wind tunnel scale experiments and compared it with measurements from actual
wind farms. They emphasized the impact of the model wind turbine’s geometric shape on
experimental results. This contributes to a better understanding of the relationship between
wind tunnel experiments and real wind farms, enhancing the reliability of the experiments.

Optimizing the layout of wind turbines [18] can reduce the impact of wake effects.
Standard turbine layouts include series arrangement [19], horizontal offset [20], and vertical
offset [21] arrangements. In studies focusing on series arrangements, Dou et al. [19] experi-
mented by adjusting the streamwise spacing between upstream and downstream turbines,
concluding that increasing the spacing accelerates wake recovery. The interaction between
wakes from multiple turbines is a crucial factor, as shown in Luo et al.’s research [22],
which simulated turbine wakes and structures and indicated that downstream turbines
are still affected by wake effects in the far wake region. In the literature, a study by Allah
et al. [23] confirms that the blending of upstream and downstream multiple wind turbine
wake streams can promote the recovery of wind turbine wake streams. The large eddy
simulation (LES) study by Meyers and Meneveau [24] illustrates that proper optimization
of the flow spacing between upstream and downstream wind turbines can improve the
utilization of wind energy. Sun et al. [25] used a genetic algorithm to subdivide the wind
farm, taking the wind farm output as the optimization objective, which can simultaneously
optimize the number of wind farm units, hub height, and layout, and verified the accuracy
of the method in an actual wind farm.

Chamorro et al. [26] conducted wind tunnel experiments to study the wake charac-
teristics of misaligned wind turbines, using data on average wind speed and turbulence
intensity in the wake region. They found that, compared to aligned arrangements, mis-
aligned layouts can introduce incoming flow into the turbine wakes, promoting kinetic
energy transfer and demonstrating the feasibility of misaligned wind turbine arrays. In
the context of misaligned arrangements, Tian et al. [27] proposed various horizontally
misaligned wind turbine layouts and found that horizontal misalighment can mitigate the
impact of wake effects on downstream turbines. Sun and Yang [28] conducted wind tunnel
experiments to validate the impact of hub height variations, emphasizing that optimizing
hub heights can effectively tackle challenges in wind farm layout. Wang et al. [29] com-
pared wind turbines with different hub height differences and indicated that a vertically
misaligned layout can increase wind farm output power by 2%. Archer et al. [30] validated
that vertically misaligned layouts with wind turbines of varying hub heights can improve
power output by approximately 6% compared to traditional layouts. Zhang et al. [31]
introduced vertical axis wind turbines into conventional arrayed wind farms and found
that this vertically misaligned arrangement improved power output by 13.1% compared to
traditional layouts. Dai et al. [21] studied horizontally and vertically aligned or misaligned
arrangements, and they concluded that layouts with misalignment in both horizontal and
vertical directions are most favorable for increasing wind farm power output. Furthermore,
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the introduction of small wind turbines alters ground roughness, which has a significant
impact on wake behavior.

In the integration of theoretical approaches with practical wind farms, Xu et al. [32]
enhanced a wind speed prediction model using the optimal weighted Graph Convolutional
Network (GCN) and Gated Recurrent Unit (GRU). Their study takes into full consideration
the geographical information of wind farm locations. The spatiotemporal prediction model
proposed in their research holds significant implications for wind farm site selection and
wind turbine layout optimization. Gajendran et al. [33] introduced a symbolic regression
method based on machine learning to elucidate wake dynamics using WindSE’s actuator
line method (ALM) and large eddy simulation (LES) to obtain high accuracy in wake
prediction. Xu et al. [34] introduced a novel wind speed prediction model based on spatial
reconstruction and the Broad Learning System (BLS). They validated the effectiveness
of this model through experiments conducted in two offshore wind farms. This study
provides robust support for improving the operation of wind power generation systems
and optimizing the layout of wind farms. Qin et al. [35] used the standard distribution
modeling method to extract the change rule of wind speed from the SCADA number of
wind farms, analyzed the correlation between the wind speed fluctuation rate and the
power fluctuation, and provided a basis for evaluating wind turbine efficiency.

However, it is worth noting that research has primarily focused on horizontally
misaligned arrangements with wind turbines at different hub heights, and there needs to
be more research on vertically misaligned layouts. This study investigates the influence
patterns of small-scale wind turbines on wake flow variations by introducing varying
numbers of small wind turbines downstream of a large wind turbine. The primary points
of innovation are as follows:

1.  We propose a novel wind turbine layout approach incorporating small wind turbines
into wind farm units while focusing on large wind turbines. This approach consid-
ers the mutual interactions between large and small wind turbines in a combined
arrangement.

2. Regarding sensor placement, an equal number of measurement points were evenly
distributed at three heights: the upper blade tip, hub center, and lower blade tip.
The impact of small wind turbines at various heights was analyzed from multiple
perspectives, contributing to a better understanding of the vertical wake distribution
within the wind farm.

3. This study employed a comprehensive multi-parameter analysis for the data collected
in the experiment. It considered wind speed and included factors such as turbulence
integral scale and power spectral density. The study quantified the contribution of
vortex motion to wake turbulence energy, providing a more detailed description of
wake characteristics. This approach facilitates a comprehensive understanding of the
wake evolution process.

The remaining sections of this study are outlined as follows. Section 2 provides a
detailed introduction to similarity theory and experimental conditions. Section 3 discusses
wake parameters such as velocity deficit, turbulence intensity, and power spectral density
in the vertical, streamwise, and crosswind directions to study wake evolution. Finally,
Section 4 summarizes the main research findings and conclusions and outlines prospects
for future work.

2. Experimental Setup

Similarity theory is the process of quantitatively describing the relationship between
actual systems and model systems based on the principle of similarity in physical phenom-
ena. In wind tunnel scaling experiments, three types of similarity are usually involved:
geometric similarity, motion similarity, and dynamic similarity.

According to the similarity theory [36], similarity between wind turbine scaled models
and prototypes should simultaneously satisfy geometric similarity, kinematic similarity,
and dynamic similarity. During large-scale wind tunnel experiments, the inability to alter
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the medium may lead to changes in Reynolds number by several orders of magnitude
while maintaining similarity in geometric shape and tip speed ratio. This situation presents
a challenging task of concurrently meeting geometric, kinematic, and dynamic similarity
in experiments.

Therefore, in experimental research, it is typically necessary to balance various fac-
tors [37]. To achieve a more comprehensive similarity, researchers often prioritize maintain-
ing geometric similarity while adjusting experimental conditions to approximate kinematic
and dynamic similarity as closely as possible. This may involve adjusting experimental
parameters such as fluid density, velocity, wind tunnel dimensions, and operational status
to ensure that the obtained experimental results can reflect the behavior of the prototype
system to some extent.

Overall, achieving complete similarity may pose challenges in practical implementa-
tion. Hence, researchers need to balance and adjust according to specific circumstances
to emulate the desired similarity standards as closely as possible. Additionally, when
interpreting and generalizing experimental results, the limitations and potential biases of
similarity should also be taken into account.

2.1. Introduction of Experimental Equipment

The experiment was conducted in the recirculating boundary layer wind tunnel
at the Key Laboratory for Atmospheric Physics and Pollution Control of the National
Environmental Protection in China. The wind tunnel primarily comprises a dynamic
section, a rectifying section, and a testing section. The dimensions of the experimental
section are 24 m in length, 4 m in width, and 3 m in height, with adjustable wind speeds
ranging from 0 to 30 m/s. Additionally, the wind tunnel can generate a boundary layer
with a thickness of 1.5-2 m. The arrangement of the wind turbines in the experiment is
illustrated in Figure 1.

~\ 500mm

Figure 1. (a) Photographs of the entrance to the experimental section of the wind tunnel and the
model wind turbine; (b) schematic diagram of the experimental wind turbine and the arrangement of
measurement points, where the point (x, y) = (0, 0) is the origin of the coordinate system.

The wind turbine model employed in this experiment was designed proportionally
based on similarity theory, with the prototype being the WindPACT 1.5 MW wind tur-
bine [38]. The model was scaled down at a ratio of 1:70, and the smaller-sized turbine
was further reduced by three times based on the 1:70 scale. The turbine blades were fabri-
cated using 3D printing technology, and detailed dimensions of the model are provided in
Table 1. An XD-3420 24V permanent magnet DC motor served as the driving system for
the upstream large wind turbine, with the rotational speed of the model rotor controlled by
the motor’s resistance. The inflow wind speed was set at 7 m/s, and Figure 2 illustrates
specific parameters, such as inflow wind speed, turbulence intensity, turbulence integral
time, and turbulence integral length, with a tip-speed ratio of 5.7. For additional details on
the model wind turbine, refer to Zhao [39].
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Table 1. Wind turbine parameters in wind tunnel experiments.

Parameter Value
Large wind turbine wheel diameter D (mm) 1000
Large wind turbine hub height Z;;;, (mm) 1200
Diameter of small wind turbine wheel d (mm) 340
Small wind turbine hub height h (mm) 300
Inlet wind speed (m/s) 7

Z. Zhub

00— : . 0.0t— v . 0.0 . . .
0.8 1.0 1.2 0.04 0.08 0.12 06 09 12 15
v/ thb Uu/ thb Ainc/ D
(a) Mean velocity (b) Turbulence intensity (c) Turbulence integration length

Figure 2. Turbulent boundary layer incoming flow conditions.

2.2. Experimental Inlet Air Condition and Working Condition Setting

Figure 2 represents the turbulent boundary layer characteristics, where the dashed
lines correspond to the hub height positions of the giant wind turbine. In Figure 2a, the
wind speed, and in Figure 2b, the turbulence intensity, are non-dimensionalized based
on the inflow wind speed at the hub height. Figure 2c presents the non-dimensionalized
turbulence integral length based on the wind turbine’s rotor diameter.

Within the 9D region downstream of the giant wind turbine, rows of small wind
turbines were added at positions x/D =3, x/D =5, and x/D = 7; each small wind turbine
is located 500 mm in front of the measurement point. Each row consists of three small
wind turbines arranged horizontally, labeled as the first, second, and third rows of small
wind turbines. Four conditions were tested: all small wind turbines were off, only the
first-row small wind turbines were operating, first and second-row small wind turbines
were operating, and all three rows of small wind turbines were operating. Table 2 provides
a summary of these conditions. The horizontal analysis discusses the data collected under
different conditions and at various positions. The contour plots represent the corresponding
wind speed distribution across the entire flow field in the vertical wind speed analysis. For
quantitative analysis, two conditions, Cy and Cs, were selected, due to their clear patterns.

Table 2. Working condition settings.

Working Condition Code Small Wind Turbine Position
Case0 Co All three rows of small wind turbines are not running
Casel C1 Small wind turbines in 3D position operating
Case2 Cy Small wind turbines running in 3D and 5D positions

Case3 Cs Small wind turbines running in 3D, 5D and 7D position
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In the experiment, the Pitot tube was used to collect the measurements, and the data
were collected through the DTC Initium system; the sampling frequency was 300 Hz, and
the sampling period was 30 s. After the wind tunnel was operated, the average data
collected after every 90 s were collected for 15 min (11 times) to simulate the working
conditions of the wind farm under various wind speed conditions. Measurement points
were positioned in both the X-Y and Y-Z planes at distances of 3D, 5D, and 7D downstream
of the large wind turbine. In the Y-Z plane, there are five columns of measurement points
aligned at each position of 3D, 5D, and 7D, which are denoted by the designations C3-[1-5],
C5-[1-5], and C7-[1-5], respectively, and the column spacing of each row of measurement
points is 1.25 d. Each column of measurement points contains 20 points distributed within
the height range of [200-2100], with an interval of As = 100 mm. X-Y plane measurement
points were located at the tip, hub center, and bottom tip heights of the large wind turbine.
Before the start and after the completion of the experiment, Pitot tubes were used in the free-
flow region of the wind tunnel to calibrate the hot-wire anemometers, ensuring negligible
voltage drift in the data acquisition system. The indoor temperature was maintained
at 23 £ 0.5 °C to ensure that measurement errors caused by changes in environmental
temperature remained within 0.2% [40].

2.3. Uncertainty Analysis of Experimental Data

In the experiment, the aerodynamic performance of the model wind turbine was
evaluated by defining key parameters, such as wind speed (V), turbulence intensity (It),
turbulence integral length (A), and assessing their uncertainties [41].

The uncertainties of V, I1, and A at the rated wind speed were calculated using the
following formulas for the corresponding Tip-Speed Ratio (TSR = 5.7), ensuring that they
were each less than or equal to 1.0%, 0.7%, and 3.1%, as follows:

SR \/(aXZ§X1)2+ (aXi§X2)2+"'+ (axa%y
== = 1)

In the formulas, R represents the calculated variable, %R denotes the uncertainty of the
computed variable in percentage, X, is the independent variable, and 6X,, represents the
accuracy of Xj,.

3. Results and Discussion

In this section, the study focuses on the wake characteristics generated by the giant
wind turbine under selected conditions. It involves a comparative analysis of wake param-
eters behind the big wind turbine at different heights, discussing flow field characteristics
such as velocity recovery and turbulence intensity. Additionally, this section provides a
detailed discussion of how changes in the number of small wind turbines influence the
evolution of wakefield parameters, including turbulence integral length scale and power
spectral density, generated by the giant wind turbine.

3.1. Horizontal Direction
3.1.1. Characteristics of the Spreading Wake

After the incident wind passes through the rotating wind turbine, there is a significant
velocity change at the interface between the wake and the surrounding ambient airflow.
However, as the downstream distance increases, the wake effect diminishes. Due to the
influence of viscous shear effects, the velocity loss gradually decreases, and the wake
velocity slowly recovers to the inflow wind speed.

As shown in Figure 3, instantaneous wind speeds were extracted during the steady
operation of the wind turbines, specifically at the hub height of the giant wind turbine,
within the 25-26-s timeframe. The horizontal dashed lines in the figure represent the
exact positions of the large and small wind turbines, while the yellow arrows indicate the
direction of flow changes. Since the incoming wind in the wind farm exhibits a degree
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of uniformity in the streamwise direction, the flow velocity distribution in the wind farm
with the arrangement of small wind turbines is roughly symmetric about the rotational
centerline of the central row of small wind turbines. Subfigures (a), (d), and (g) correspond
to measurement points at the 3D position, as shown in Figure 1. At the same time, (b), (e),
and (h) represent measurement points at the 5D position, and (c), (f), and (i) correspond
to measurement points at the 7D position. From Figure 3a—i, it is evident that after the air
works on the wind turbines, the wake velocity rapidly attenuates, creating a low-speed
wake behind the wind turbine. In positions directly behind the small wind turbines, the
velocity loss exceeds 50%. As the measurement points move downstream, as seen in
Figure 3a—f, the wake velocity gradually recovers due to the expansion of the wake and
the continuous influx of external environmental fluid, resulting in energy and momentum
transfer [42]. Since the inflow for downstream wind turbines in the wind farm is, in reality,
the wake from the upstream wind turbines, the wake field of the downstream wind turbines
is also influenced by the wake from the upstream wind turbines. The contour plots illustrate
that the wake field of the small wind turbines tends to stabilize within the wind farm.
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Figure 3. Time domain wind speed distribution in the wake area for different working conditions.
(a—c), (d—f), and (g-i) denote the time-domain wind speeds at positions 3, 5, and 7D for the three
working conditions of Cy, Cy, and Cs, respectively.

A quantitative analysis of velocity deficits at different downstream positions in the
streamwise direction was performed under three other conditions to better compare the
differences in average downstream flow velocity deficits with the addition of small wind
turbines. This further confirms the impact of small wind turbines on the wake. In Figure 4a,
the condition without small wind turbines running provides a reference for comparison.
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In Figure 4b, which corresponds to the condition with small wind turbines operating at
the 3D position, as seen in Figure 3a—c, there is a 22% velocity deficit behind the small
wind turbines. By comparing the conditions with the addition of two rows and three rows
of small wind turbines, as shown in Figure 4c,d, corresponding to Figure 3d-i, it can be
observed that the velocity deficit patterns behind each row of small wind turbines are nearly
identical, with a velocity deficit of around 23% for each added row of small wind turbines.
As the number of small wind turbines increases, the loss in wake velocity gradually
intensifies. In the far wake region, as the wake evolution in the wind farm approaches
equilibrium, the velocity differences along the rotor’s streamwise direction decrease.

1.0 &
- 4\\
0.5 B ,},ZI,,',
3D ~u
* 5D } Measured value °
« 7D
:%. 0.0 —3D} a
—— 5D | Polynomial fitting N
——7D \
] s W
)
. {
-10 —
0.0 0.2 0..4 0.6 0.8 1.0
V/thb
(a) Gy
1.0
s
2 o0
_05 ___,........__._._._,_.A.,...._A. -
-1.0
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
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(0) G @ ¢

Figure 4. Wind speed deficit under different working conditions. (a—d) indicate the four working
conditions Cyp—Cj3, respectively.

3.1.2. Characteristics of the Turbulent Intensity Distribution in the Wake Field

Turbulence intensity, which is the primary factor in fatigue failure and is frequently
employed as a gauge of the fatigue load on wind turbines, is utilized to quantify the overall
change in wake dynamics. Equation (2) through (6) demonstrate how to compute the
turbulence intensity given the mean wind speed [43]:

n
IT tor = ”\l/(l - ”pw)la11 + sz Ijr,msi (2)
i=1
P, = 0.06 (3)
X
Si=p 4)
Ity = ! + IZ (5)
A 15 +03sv/0) T
g
It = — (6)

0
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where 71, is the number of nearby wind turbines NS S; represents the ratio of wind turbine
spacing to wind turbine diameter, i.e., Py, is the probability condition of the top wake, D is
the wind turbine diameter, v is the mean wind speed, and ¢ is the standard deviation of the
wind speed. It is the turbulence intensity of the free flow; It is the turbulence intensity of
the wake effect; and m is the Waller contrast index of the material of the structural member
under consideration. The generation of flow turbulence by the wind turbine wake shear
layer, ambient boundary layer turbulence, and blade tip vortex shedding from the wind
turbine blades are all related phenomena.

Figure 5 illustrates the turbulence intensity distribution at the hub height of the giant
wind turbine in a vertically staggered wind farm configuration. The presence of small wind
turbines imparts strong perturbations to the flow field. Influenced by the wake expansion
shear layer, the tip vortices experience pronounced disruption. As the number of small
wind turbines increases, the unstable tip vortex shedding structures decouple, forming
multi-scale turbulent vortex structures. The intense momentum exchange between these
structures significantly amplifies the turbulent kinetic energy. Simultaneously, a localized
concentration of high turbulence intensity emerges in the wake region behind the small
wind turbine rotor tips.
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Figure 5. Time domain distribution of horizontal turbulence intensity. (a—c), (d-f), and (g—i) denote
the turbulence intensity in the time domain at positions 3, 5, and 7D for Cy, Cp, and C3, respectively.

Compared with the Cy condition (as shown in Figure 5b,c,f), the introduction of small
wind turbines results in a substantial increase in turbulence intensity in the peripheral
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inflow to the wind turbine rotor region. The increase is approximately 35% of the incom-
ing turbulence intensity. This suggests that the wind turbine rotor tips may experience
more significant dynamic loading, consequently increasing the fluctuation in torque at the
turbine input.

Figure 6 further quantifies the turbulence intensity at three downstream positions
under different conditions, with dashed lines indicating the tip position of the wind rotor.
As the wake progresses downstream, there is a significant increase in the fluctuations in
turbulence intensity due to the intense momentum exchange between multi-scale turbulent
vortices. Simultaneously, as the wake effect diminishes in the far wake region, the influence
of small wind turbines on the wake also decreases. As the measurement points move
downstream, turbulence intensity gradually decreases, reaching a deficit of approximately
15%. The following section will introduce further analysis involving the turbulence integral
length scale.

1.0
- 0.5F--nm--
3D .
5D } Measured value
2 7D Q
3D X 00
5D } Ploynomial fitting
—m
------------------------------------------ -05
-1.0
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CTu U—u
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Figure 6. Turbulence intensity at different positions in the horizontal direction.

3.1.3. Turbulence Integration Scale

The average size of the turbulent vortices in the flow is determined by the turbulence
integration length. Equation (7) [44] illustrates how the Taylor turbulence freezing assump-
tion can be used to compute the turbulence integration length from the integration of the
autocorrelation function of the main streamwise velocity:

1 (e}
A= —Z/Ruluz(x)dx %
(%n 4

where Ry, is the intercorrelation function u of velocity u; and uy; Ufl is the velocity
variance, indicating wind speed fluctuations.
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Figure 7 shows the horizontal distribution curves of the turbulence integral length for
three operating conditions at x/D = 3, 5, and 7. The dashed line in the figure shows the
position of the wind turbine’s tip. From Figure 7, it can be seen that the distribution of the
horizontal turbulence integral length is not uniform and has poor symmetry about the hub
centerline due to factors such as the boundary layer effect and the shading effect of the small
wind turbine. The large-scale eddies in the incoming wind lead to the rapid discretization
of the turbulent structure after being disrupted by the rotating wind turbine, and the
turbulence integral lengths are gradually recovered as the position moves downstream. At
the near wake location, the change in the number of small wind turbines has a significant
effect on the turbulence integration scale; as the location of the measurement point moves
away from the upstream large wind turbines, the impact of the change in the number
of small wind turbines on the turbulence integration length gradually becomes smaller.
In addition, the turbulence integration scale moves downstream as the position shifts
downstream, and the turbulence integration scale at x/D = 7 increases by about 30%
compared with that at x/D = 3.

1.0F o | 1.0¢
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Figure 7. Horizontal turbulence integration length.

3.1.4. Effect of Small Wind Turbines on Wind Speed at Different Heights

In order to quantitatively analyze the effect of adding small wind turbines on the wind
turbine wake region in terms of the spreading velocity deficit, the study chooses two working
conditions for comparison: no small wind turbine operation, and all three rows of small wind
turbines in operation. The study extracts the average axial velocities at different heights in
the horizontal direction of the wind turbine (Z/Zyp = 0.4, Z/Znw = 1, and Z/Zyp = 1.6). In
Figure 8, the vertical coordinates represent the relative positions of the wind turbine in the
spreading direction, while the horizontal coordinates represent the average axial velocities,
with the dashed line indicating the position of the tip of the wind turbine impeller of the
large wind turbine.

In this condition, the velocity is gradually lost from the upper blade tip to the lower
blade tip. The comparison results show that the upper blade tip position exhibits a flat
wake velocity after adding a small wind turbine, with the velocity variance decreasing by
1%, and the wind speed in the middle section of the blade increasing. At the hub center
height, the maximum loss of wind speed after adding a small wind turbine is observed
near the root of the blade, resulting in symmetrical wind speeds on both sides. The wake
velocity at the hub center and lower blade tip positions experiences varying degrees of
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loss after adding a small fan. Starting from the 5D region, the impact of the small fan
on the lower blade tip increases, with the wind speed in the middle section of the blade
reaching the peak and then decreasing sharply, failing to recover to the incoming wind
speed. However, at the upper blade tip height and hub center height, the effect of the small
wind turbine on the wind speed is similar to the 3D region. Overall, adding a small wind
turbine has the smallest and a positive effect on the upper blade tip position in the three
regions; the negative effect on the lower blade tip is the largest.
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Figure 8. Comparison of wind speed at different positions under Cy and C3 working conditions.

3.1.5. Power Spectrum Density

The power spectral density describes the distribution of wind energy in the frequency
domain, and the structural changes associated with the fluctuations in the power spectral
density are used to obtain information about the effect of the operation of different numbers
of small wind turbines on the output of a wind farm.

Figure 9 displays the power spectral density at heights from the upper blade tip to the
lower blade tip at downstream positions x/D = 3, 5 and 7. At the same vertical position,
the turbulence intensity at the upper blade tip height is higher than at the lower blade tip
position. At different vertical positions, the streamwise variation in the power spectra is
not the same.

The observation of power spectral density characteristics at different locations reveals
that the wind passing through the rotor generates a dynamic turbulence phenomenon. This
turbulence exhibits distinct large-scale energy aggregation regions, inertial ranges, and
viscous dissipation ranges. This phenomenon is effectively described by the Kolmogorov-
5/3 [45] formula, which is applicable over a range of about one to two orders of magnitude.
The character of the power spectral densities changes significantly as the flow field moves
downstream, with a consequent increase in the span of the inertial range. At the hub center
height within the nacelle, as shown in Figure 9df, there are significant differences in power
spectral density under different conditions. With an increasing number of small wind
turbines, the energy contribution of small-scale vortices to the wake also increases. At the
upper blade tip position (as in (a—c)), the inertial subrange widens, indicating an increase
in turbulence intensity.

In contrast, at the lower blade tip position (as in (g—i)), the inertial subrange narrows
to varying degrees, suggesting a decrease in turbulence intensity. The vertical velocity
distribution shows that the influence of blade tip vortices on power spectra is more signifi-
cant at the lower blade tip. Therefore, the addition of small wind turbines has a particular
impact on the power spectral density of the wake.
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Figure 9. Power spectrum density at different height positions of large wind turbines, (a—c) are upper
blade tip heights, (d—f) are hub center heights, and (g—i) are lower blade tip height positions.

3.2. Vertical Direction
3.2.1. Vertical Wake Characteristics

In this section, wind speed data within the same temporal interval as the horizontal
direction are extracted to illustrate the wind speed variation trends behind different num-
bers of small wind turbines. Figure 10 demonstrates that when small wind turbines are
operating, there is a decrease in wind speed within the range of their downstream rotor,
but the decline is less pronounced at the measurement locations above. This is because
small wind turbines create more resistance to the incoming wind at lower heights, and
as the measurement height increases, the wind speed outside the wake of the small wind
turbines gradually increases. From the measurement point at 5D, it can be observed that
the velocity deficit worsens with an increasing number of small wind turbines in operation.
When all three rows of small wind turbines operate, the most significant deficit occurs
at the 7D position. The following section will provide a quantitative analysis of velocity
deficits under specific conditions.
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Figure 10. Trend of wind speed evolution in the vertical time domain.

3.2.2. Analysis of Working Conditions

Data collected from the measurement point located downstream of the small wind
turbines at the 7D position in the far wake region were extracted for analysis in the vertical
direction. Two conditions, Cy and C3, were studied to investigate the wake recovery under
these two scenarios. The analysis focused on the wind profiles and turbulence intensity to
understand the wake recovery in these conditions.

The Boltzmann curve fitting method, characterized by an S-shaped curve, is commonly
employed to model nonlinear relationships where one variable changes in tandem with
another [46]. In this study, the wind profile acquired exhibits characteristics akin to this
S-shaped nonlinearity. Hence, to enhance the visualization of wind speed distribution
subsequent to the blending of wake streams from large and small wind turbines, we opted
to utilize this fitting approach.

Figure 11 shows that the presence of small wind turbines increases the surface rough-
ness, resulting in lower streamwise velocities at the lower tip position of the giant wind
turbine. Compared to the Cy scenario, in the overlapping region, the C; scenario experi-
ences a velocity deficit of approximately 20% due to the combined tip effects of the large
and small wind turbines. However, as the measurement point moves beyond the upper tip
height of the small wind turbines, wind speed gradually recovers. Under the C3 scenario,
there is an overall increase in wind speed of approximately 5%. Therefore, adding small
wind turbines in the downstream direction is more favorable for enhancing wind speed.
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Figure 11. Wind profiles at different locations of measurement points at 7D.
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3.2.3. Turbulence Intensity

Figure 12 presents the turbulence intensity distribution in the vertical direction at the
7D position. It can be observed that the rotation of the wind turbines significantly disturbs
the flow field. As the flow progresses downstream, the unstable tip vortices decouple, and
there is intense momentum exchange between multi-scale turbulent eddies, leading to
higher turbulence intensity regions behind the tips. Due to the lower mean flux, turbulence
intensity is relatively higher in the near wake region just behind the wind turbine, as shown
in Figure 13. Comparing the C3 scenario to the Cy scenario, in the wind turbine wake region,
the impact of the small wind turbines results in an approximate 10% increase in turbulence
intensity in the immediate wake region behind the small wind turbines (Figure 13a). In
the measurement point between the small wind turbines (Figure 13b), turbulence intensity
increases somewhat, with approximately 7% enhancement. Therefore, the adding of small
wind turbines in the wind farm positively enhances turbulence intensity.

7-1
7 3]"Measuxed\'alue
7-1

7,3]’sonzmmm

1
- '—‘]‘ Measured value 2.0

0.47 0.5

u u

@ G ® G

Figure 12. Turbulence intensity at different locations at 7D in the vertical direction.
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Figure 13. Power spectrum analysis at hub center position: (a,b) are the operating conditions without
small wind turbines; (c,d) are the operating conditions with three rows of small wind turbines.
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3.2.4. Vertical Power Spectrum Analysis

Pulsating wind speeds are composed of vortices of various scales, each with periodic
motion. The power spectra of pulsating winds at different downstream locations in the far
wake region at x/D = 7 are shown in Figure 13, with Figure 13a,c representing positions just
behind the small wind turbines. As seen in Figure 13, the power spectral density decreases
as the frequency increases. In the energy-containing region, when all three rows of small
wind turbines are in operation, as shown in Figure 13¢,d, the pulsating wind scales and
power spectral density are more prominent, indicating a higher energy content.

As the flow progresses, large-scale vortices break down into many small-scale vortices,
transferring energy from large-scale vortices to small-scale ones. Small vortices become
isotropic at this stage, corresponding to the inertial subrange. In the inertial subrange,
the influence of small wind turbine operation on pulsating wind speeds is minimal. Very
little energy is dissipated by viscosity, and pulsations mainly serve to transfer power, with
large-scale pulsations sharing energy with small-scale ones, conforming to the Kolmogorov-
5/3 law.

However, as vortices further develop, they eventually succumb to viscosity, result-
ing in energy dissipation, corresponding to the dissipative subrange. At this point, the
characteristics of pulsating wind speeds almost disappear.

The authors should discuss the results and how they can be interpreted from the
perspective of previous studies and of the working hypotheses. The findings and their im-
plications should be addressed in the broadest context possible. Future research directions
may also be highlighted.

4. Conclusions

In this study, the parameters of wake characteristics after introducing a small wind
turbine downstream of a large wind turbine are measured and analyzed by wind tunnel ex-
periments to study the velocity distribution and turbulence characteristics in the wakefield.
The following conclusions are drawn from the comprehensive analysis of the wind tunnel
experimental data:

(1) Introducing a small wind turbine downstream of the giant wind turbine significantly
reduces wake velocity, with a wind speed deficit of approximately 22%. This effect
varies at different heights, with the impact of the small wind turbine becoming more
pronounced from the upper to lower positions of the giant wind turbine blades.

(2) After work is conducted on the wind turbine rotor, the incoming wind causes struc-
tural damage to its flow. The extent of this damage is less pronounced in the far
wake region, but the addition of the small wind turbine has a notable impact on the
turbulence integral scale in the far wake. Under the C3 condition, the turbulence
critical scale increases by 2% compared to the Cy condition.

(3) In the vertical direction, the influence of the operation of the small wind turbine
on the wind speed deficit increases gradually from the near wake region to the far
wake region, reaching a wind speed deficit of approximately 20% at the 7D position.
Simultaneously, a positive impact is observed on the outer region of the small wind
turbine rotor, particularly under the Cs condition, where the wind speed at this
position increases by 3%.

This experiment contributes to understanding the mixing characteristics of wakes from
different-sized wind turbines, offering theoretical insights for optimizing wind farm layouts.
In future work, we plan to expand the range of operational conditions by introducing
yaw settings for the giant wind turbine. This will allow us to investigate the impact of
yawed conditions on wake dynamics in vertically staggered wind farm configurations.
Additionally, adjustments to inflow conditions will be explored to study the influence of
turbulent winds on inter-row wake interactions within the wind farm.
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Symbols

D large wind turbine wheel diameter D (mm)

d diameter of small wind turbine wheel d (mm)

h small wind turbine hub height h (mm)

Iy turbulence intensity

A turbulent integral length

Vihub hub height inflow wind speed (m/s)

Zhub hub height of large wind turbines

T time interval

Vv average flow velocity

u instantaneous wind speed

T turbulent integration time

It free-flow turbulence intensity

Itw turbulent intensity of wake effect

m waller’s Comparison Index

N number of wind turbines

Pw probability conditions

Xi distance from wind turbine

y standard deviation

Co All three rows of small wind turbines are not running
C1 Small wind turbines in 3D position operating

Cy Small wind turbines running in 3D and 5D positions
Cs Small wind turbines running in 3D, 5D, and 7D positions
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