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(S I N N

Abstract: In modern large-scale wind farms, power loss caused by the wake effect is more than
30%, and active yaw control can greatly reduce the influence of the wake effect by deflecting the
wind turbine’s wake. The yawed wind turbine’s wake characteristics are complex, and a deep
comprehension of a yawed turbine’s wake is necessary. The actuator line method combined with
URANS (unsteady Reynold-averaged Navier-Stokes equations) is used to study the yawed wind
turbine’s wake characteristics in this paper. Compared with an un-yawed wind turbine, a yawed one
has two main characteristics, deflection and deformation. With an increasing yaw angle, turbine wake
shows an increasing deflection. The results indicated that deflection at different height was different,
the wake profile showed the biggest deflection at about the hub height, while the smallest deflection
existed at the top and bottom of the yawed turbine’s wake. This can be visually demonstrated by
the evolution of a kidney-shape velocity distribution at the vertical cross-section. Two-dimensional
and three-dimensional presentations of velocity deficit distributions are presented in this paper. The
evolution of an irregular kidney-shape distribution is discussed in this paper. It is formed by the
momentum exchange caused by the counter-rotating vortex pair. The results indicated that the
counter-rotating vortex pair was composed of the streamwise vortex flux brought by the tip vortex.
Furthermore, when the wind turbine rotated clockwise and yawed clockwise, the negative vorticity
of counter-rotating vortex first appeared in the upper left position.

Keywords: wind turbine; wake effect; yaw condition; actuator line method

1. Introduction

With the growing number of large modern wind farms, the transition to net zero has
been accelerated by the speedy development of wind power. The negative impact of the
wake effect is non-negligible. The literature shows that the downstream wind turbine’s
power loss is over 30% [1-3]. Free stream blows into the turbine rotor, the wind turbine
rotor absorbs the wind energy and powers the generator. In the downstream flow field of a
wind turbine, a velocity deficit is generated that decreases the downstream wind turbine’s
power generation [4,5].

Wind turbines are generally conceptually divided into the near wake and the far
wake [6,7]. In the near wake, a bimodal distribution with a double Gaussian shape is
representative of the turbine’s wake profile. This can be understood from the perspective
of energy conversion: The hub of the wind turbine does not have the ability to absorb
wind energy, so wind speed is higher in the middle part of turbine wake, resulting in
a bimodal distribution. With continuous mixing of external turbulence flow, the wake
expands gradually and develops a unimodal Gaussian distribution wake profile in the far
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wake. A vortex structure plays an important role in wake development and evolution:
Velocity circulation around the blade element is the root cause of lift force. It falls off
the blade tip and is transported into the near wake; the velocity-induced effect of the
vortex component of the tip vortex on a parallel wind rotor can be described by the Biot—
Savart Law [8]. The tip vortex falls off from the wind turbine in a spiral trajectory, and a
leapfrogging behavior occurs in the near wake area [9] that enhances the instability and
recovery of the turbine’s wake. It should be noted that the strength and shedding mode of
a tip vortex are closely related to the wind turbine’s parameters and operating conditions.
Besides the wind turbine aspect, atmospheric stability and turbulence intensity are also
important factors affecting wake development and evolution [10]; the wake recovery rate
is slower in a stable atmosphere.

Various methods have been adopted by researchers to study turbines” wake [11].
Wake measurements of small-scale wind turbines in a wind tunnel [12-14] is an effective
way to obtain experimental data. Thrust coefficient, power coefficient and tip ratio are
important factors to be considered in the design of a wind turbine model. Experimental
instruments such as a hot-wire anemometer, laser Doppler velocimetry (LDV) and particle
image velocimetry (PIV) are widely adopted in the wake measurement under controlled
conditions. Cheng et al. [15] conducted a wind tunnel experiment to explore the interaction
between the turbine wake and the boundary flow over a forest. Field measurements are
also indispensable. In recent years, wind mast, SODAR (Sonic Detection and Ranging) and
LiDAR (Light Detection and Ranging) [16,17] have been adopted in wake measurements of
wind farms. Compared with wind tunnel measurements, field measurements are uncon-
trollable, which means that field measurements generally require a longer measurement
period and have higher economic costs. Different numerical simulation methods have been
adopted in studies of turbine wake [18-20]. The actuator model is the most widely used
approach because of low computational cost and high accuracy. It is also noted that a com-
putational fluid dynamics (CFD) simulation of a wind farm’s wake effect basically adopts
the actuator model method. These data acquisition methods have their own advantages
and disadvantages and are suitable for different situations.

To evaluate the wake effect on a wind farm’s power generation, so as to optimize
layout and develop a control strategy, researchers have been studying an engineering wake
model for decades. The Jensen model [21] is a simple one-dimensional analytical wake
model and is widely used; a uniform velocity deficit with a top-hat shape is adopted in this
model. A classical Gaussian wake model was proposed by Bastankhah and Porté-Agel [22]
that predicts the velocity distribution more accurately. Generally, the engineering wake
model consists of three parts. The first part is the wake turbulence intensity model. It
is generally believed that the turbulence intensity of wake determines the rate of wake
expansion. The turbulence intensity is determined by the ambient turbulence intensity
and the turbulence intensity added by the wind turbine. The latter is related to the thrust
coefficient of the wind turbine. The second part is the wake expansion model that is mainly
related to turbulence intensity. Du et al. [23] recently proposed a wake expansion model
considering atmospheric stability. In the third part, mass conservation and momentum
conservation are used to obtain the total velocity deficit. Then, the velocity deficit is
redistributed with a Gaussian shape. A cosine shape has been used by Tian et al. [24] and
accords well with field measurements.

Reducing the impact of the wake effect on power generation has always been the focus
of researchers [25]. In order to gain more windward area, a wind turbine is programmed
to keep track of the wind direction by adjusting the azimuth. Under the influence of
such a greedy control strategy, the wake effect’s impact on a downstream wind turbine’s
performance is enhanced and results in a considerable power loss [26-28]. Expanding
the space between wind turbines is the most straightforward approach to reducing the
impact of the wake effect; however, construction and operating costs limit the layouts
of wind farms. In recent years, wind farm cooperative control has been regarded as an
effective way to reduce wake effects, and active yaw control (AYC) is a prominent control



J. Mar. Sci. Eng. 2023, 11, 1039

30f15

strategy [29]. When an upstream wind turbine is yawed, the turbine’s wake can be deflected
by a transverse component of the axial thrust, which decreases the wake effect’s influence
on a downstream wind turbine’s performance. Although upstream wind turbine’s power
generation decreases due to yaw control, the increase of downstream wind turbine’s power
generation enhances the overall performance. According to wind tunnel measurements
conducted by Zong and Porté-Agel [14], a power increase of 18% can be achieved by yawing
wind turbines in a miniature wind farm. Yang et al. [30] proposed a new machine learning
method for cooperative yaw control in a wind farm, and a notable power improvement
could be obtained. Tilt or yaw angles of an upstream wind turbine have been changed
by Nakhchi et al. [31]; simulations indicated that the total power performance of tandem
wind turbines could be increased by 6.1%. These studies indicate that yaw control can
significantly enhance the power performance in a tandem wind turbines small-scale cluster.

Reasonable active yaw control can also significantly enhance the power performance
of a modern large wind farm. Based on a proposed analytical engineering wake model,
Dou et al. [32] optimized the yaw angle of each wind turbine to enhance the total power
performance, resulting in a power increase of 18%. Considering active yaw control, Song
et al. [33] developed a particle-swarm-optimization-based method for wind farm layout
optimization. The results showed that the total power generation was enhanced by 4.32%.
Ma et al. [34] optimized yaw angles of each wind turbine to enhance the overall power
performance. The results showed that the power increase reached 17.5%. Active yaw
control was applied in an offshore wind farm with an optimized layout by Li et al. [35]. The
results showed that the total power increased by 2.1%. It can be seen that a power increase
of 2-18% can be obtained with different wind farm and active yaw control strategies.

A deep understanding of wake characteristics in yaw conditions is the basis of active
yaw control. Dou et al. [36] conducted a typical wind tunnel measurement and proposed an
analytical wake model for a yawed turbine. The deflection of wake was described by a semi-
empirical formula. Zhu et al. [37] conducted a field wake measurement using LiDAR and
established a three-dimensional non-uniform wake model. Its results show that the model
agrees well with experimental data. Jiménez et al. [38] conducted a large eddy simulation
(LES) of a yawed wind turbine’s wake, and wake deflection was evaluated. Numerous
studies have shown the complexity of the wind turbine’s wake in yaw conditions. The
projection surface of a yawed turbine in the direction of incoming wind is of elliptical
shape, which is a symmetrical distribution. However, many studies have shown that the
turbine wake in yaw conditions is significantly asymmetrical. Micallef et al. [39] believe
that the complex flow in the blade tip and blade root is responsible for the complex wake
characteristics in yaw conditions. Howland et al. [40] conducted an LES simulation with
both an actuator disk model (ADM) and an actuator line model (ALM). Their study shows
that a symmetrical kidney-shape velocity deficit appears in the vertical cross-section of
ADM simulation results, while an asymmetrical kidney-shape velocity deficit appears in the
vertical cross-section of ALM simulation results. Bastankhah and Porté-Agel [13] conducted
a representative wind tunnel experiment with PIV. They believe that the existence of
a counter-rotating vortex pair is responsible for the complex deformation of a yawed
turbine’s wake. Furthermore, a qualitative analysis of a counter-rotating vortex pair based
on measured data and a continuity equation is presented in their study. Based on the lift
line theory, Shapiro et al. [41] proposed a symmetrical theoretical counter-rotating vortex
pair model. In their theoretical model, the two counter-rotating vortexes have the same
strength. Recently, a new proposed generation mechanism of a counter-rotating vortex pair
has been presented by Wang et al. [42]. Their study shows that the streamwise vorticity
carried by the blade tip vortex is the reason for the generation of counter-rotating vortex
pairs. Based on that, an asymmetrical theoretical counter-rotating vortex pair model has
been proposed. In summary, the complex wake characteristics of a yawed wind turbine
need further investigation.

A simulation using an actuator line method was adopted in this study. The actuator
line method for studying a wind turbine’s wake has been proposed by Serensen and
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Shen [18]. Two significant advantages make ALM stand out: it can accurately reproduce the
vortex structure of a turbine’s wake and simulate the turbine’s wake flow field. Additionally,
the computational cost is low since there is much less mesh. In Section 2, the numerical
approaches are introduced; ALM was adopted to simulate the wind turbine. In Section 3,
the wake characteristics of different section are presented and analyzed.

2. Numerical Approaches

An ALM-combined URANS simulation was adopted in this paper. Considering a
different yaw angle, the turbine wake of an NREL 5-MW wind turbine was simulated.

2.1. Actuator Line Model

The force generated by the blades is replaced by the actuator point (shown in Figure 1),
the force is distributed in the computation domain with the form of a force source term.
The force source term is obtained by blade element theory [43] and is distributed in a
Gaussian way. An ALM simulation is a relatively low-computational-cost approach for a
turbine’s wake simulation because the precise simulation of the flow field around the blade
is abandoned.

e Actuator Point

Figure 1. Schematic of ALM.

The velocity triangle of the blade element is shown in Figure 2. The resultant wind
speed of the blade element consists of wind speed and blade rotation speed:

W =\ u2 + (u; — wr)?, 1)
therefore, inflow angle ¢ can be obtained:
¢ = arcsin(u, /w), ()

then, the attack angle « is:
a=¢-—p ®)

Based on lift and drag coefficient of airfoil characteristics:

f=(L,D)= %szc(CLeL +CD€D). 4)

In order to avoid a concentrated distribution of source terms, a Gaussian distribution
method was adopted:

fe=f®1e, 5)

Ne(r) = 63;73/2exp [—(d/e)z], (6)

More details of the ALM simulation can be found in [18].
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Figure 2. Velocity triangle of the blade element.

2.2. Simulation Settings and Validation

Wake of a NREL 5-MW wind turbine [44] was simulated in this paper. NREL 5-MW
is a classic offshore wind turbine design by Jonkman et al. The rated power of this turbine
is 5 MW, and the diameter of the wind turbine is 126 m. Since the design parameters of
this wind turbine are detailed, the research object of many studies is the NREL 5-MW
wind turbine.

The computational domain is shown is Figure 3. A sufficiently long inlet section
and outlet section ensure the full development of aerodynamic performance of the wind
turbine and turbine’s wake. The fine mesh around the wind turbine ensures the accurate
calculation of the aerodynamic characteristics of the wind turbine. Additionally, the k-w
SST turbulence model was adopted.

Area with finer mesh

1D

Inlet] Outlet

Wind
turbine

Area with
finer mesh

3D 10D

Figure 3. Computational domain.

Figure 4 shows the power coefficient under different tip speed ratios. It shows that
the ALM calculation results predicted the overall power performance of the NREL 5-MW
wind turbine. With the increase of the tip ratio, the power coefficient increased first and
then decreased; the optimal tip ratio was 7.55.

0.7 T T T

FAST calculation results|
0.6 ® ALM calculation results |

0.5 _— —

= 0.4 //.

0.3 /

0.2

0.1

0.0

Figure 4. Power coefficient under different tip speed ratios.
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3. Results and Discussion

In this section, the wake characteristics with yaw angles of 0°, 10°, 15°, 20°, 25° and
30° are analyzed and discussed. The TSR of the wind turbine was 7.55, and the incoming
wind speed was 8 m/s.

3.1. Velocity Deficit at Different Horizontal Section

Figure 5 is the dimensionless wake velocity contours of a yawed turbine’s wake, and
wake profiles at three heights (R represents the rotor radius) of each yaw condition are
shown. When the wind turbine is not in a yaw condition, the turbine’s wake has a basically
central symmetrical shape, which means that the wake velocity cross-sections 0.5 R above
the hub height and 0.5 R below the hub height are basically the same.

Uve’ U N | | |

0.5 0.6 0.7 0.8 0.9 11

—
o

(2) YAW 0° (b) YAW 10° (c) YAW 15°

0.5 R above the hub height 0.5 R above the hub height 0.5 R above the hub height

I
|
|

the hub height the hub height the hub height

|
|
|

0.5 R below the hub height 0.5 R below the hub height 0.5 R below the hub height

(d) YAW 20° () YAW 25° (D) YAW 30°

|
|
|

0.5 R above the hub height 0.5 R above the hub height 0.5 R above the hub height

|
|
|

the hub height the hub height the hub height

|
|
|

0.5 R below the hub height 0.5 R below the hub height 0.5 R below the hub height
Figure 5. Dimensionless wake velocity contours at different heights.

A noticeable deflection could be observed when the wind turbine was in a yaw
condition. The turbine’s wake deflected to one side that was opposite to the yaw direction.
This can be explained by the conservation of momentum in the lateral direction. The
lateral component of the axial thrust of the wind turbine caused the deflection of the
wake. With the yaw angle increasing, the deflection degree of the yawed turbine’s wake
increased; however, the increase of the wake deflection below the hub height was much
more obvious. The inconsistency of the wake deflection degree at different altitudes is one
of the important characteristics of a yawed turbine’s wake. In addition to the degree of
deflection, the wake shape of the yawed wind turbine varied at different height sections,
and the central symmetry of wake velocity distribution of the un-yawed wind turbine was
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no longer applicable. It can be seen in Figure 5 that the wake profiles at 0.5 R above the
hub height and 0.5 R below the hub height were not the same, and the wake width at the
lower height section was smaller. Furthermore, the wake width of the far wake decreased
with the increasing of yaw angle, which was much more obvious at hub height and 0.5 R
below the hub height. Based on the above analysis, simple two-dimensional engineering
wake analytical models may not be competent to describe the complex velocity deficit
distribution of a yawed turbine’s wake.

Figure 6 shows the yawed turbine’s wake profiles with different yaw angles. The
results showed that when the wind turbine was not in a yaw condition, the upper wake
profile (0.5 R above the hub height) and lower wake profile (0.5 R below the hub height)
were almost overlapping. When the wind turbine’s yaw angle exceeded 10°, the asymmetry
of the upper wake profile and the lower wake profile became prominent gradually. This
indicates that the degree of wake deflection at different altitudes was different. When
the wind turbine was at a relatively large yaw condition, the lower wake profile and the
middle wake profile showed a sharp decrease in wake at the far wake. In addition, the
asymmetry of the wake profile with respect to the wake center also increased with the
increase of the yaw angle. When the yaw angle exceeded 20°, the far wake profile at 0.5 R
below the hub height shows a different shape instead of a Gaussian shape. These complex
characteristics of a velocity deficit distribution indicate that the evolution mechanism of
a yawed wind turbine is complicated. Furthermore, the above analysis may indicate that
the Gaussian shape cannot fully describe the complex wake velocity distribution of yawed
wind turbines.

3.2. Flow Field Characteristics in the Vertical Section

The complex flow at the horizontal section can be related to the flow on the vertical
section to some extent. Figure 7 shows the dimensionless wake velocity contours at different
downstream distances. When the wind turbine is not in a yaw condition, regardless of the
tower, wind shear, and atmospheric stability, the ideal wind turbine’s wake distribution
is circular at the vertical cross-section. However, an asymmetrical kidney-shape velocity
deficit distribution can be seen in a wake velocity deficit. With an increasing yaw angle,
the wake distribution became more distorted. When the wake was fully developed, the
upper-height part of the wake was wider than the lower-height part, and the wake of the
yawed turbine was much narrower than that of an un-yawed one. When the yaw angle was
large and the wake development distance was long, the vertical section of the wake velocity
distribution was distorted from the kidney shape to a “hook” shape. In general, in addition
to the reduction of the wake velocity deficit area of a yawed wind turbine that was caused
by the decrease of the projected area of the wind turbine in the incoming wind direction,
the wake of a yawed wind turbine also developed into the well-known kidney shape with
the evolution of the wind turbine’s wake. Another important wake characteristic is that the
center of the wake of a yawed wind turbine moved upward with the development of the
wake, and it can be seen that the area with largest velocity deficit was located above hub
height. The complex characteristics of the wake of a yawed wind turbine in the vertical
section can explain the shape of the horizontal section variation at different heights. Based
on the above analysis, if the downstream wind turbine was directly affected by the wake of
the upstream wind turbine, the wake impact of the downstream wind turbine was uneven,
which brings challenges to the safe and stable operation of wind turbines. The wake deficit
in a three-dimensional perspective is shown in Figure 8, and the deflection and deformation
of a yawed turbine’s wake are also visualized.
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Figure 7. Dimensionless wake velocity contours at different downstream distances.

The direct cause of an asymmetrical kidney-shape distribution is the momentum
exchange caused by vorticity in the flow direction. Figure 9 shows the vorticity in the x
direction, and the x direction is the incoming wind direction. According to the Biot-Savart
law, the vortex in the x direction is directly responsible for the evolution of a velocity deficit
distribution in the vertical section, while the induced drag force generated by vorticity in
the other two directions is responsible for the wind turbine’s thrust force. CVP’s formation
mechanism is as follows [42]: The velocity circulation on the blade falls off from the blade
tip, forming a tip vortex. The periodic rotation of the blade tip leads to the change of
velocity circulation shedding, and the velocity circulation in the flow direction carried by
the tip vortex is equal to the vortex flux of the CVP.

When the wind turbine was not in yaw conditions, the vortex system consisted of
the component of the blade root vortex in the flow direction and the component of the
vortex cylinder formed by the tip vortex in the flow direction. The blade root vortex
component formed the circular negative vorticity area in the wake’s center, while the tip
vortex component formed the annular positive vorticity area around the center. With the
development of wake, the general distribution of vortex structure hardly changed.

When wind turbine was in yaw conditions, the vortex system was composed of a
counter-rotating vortex pair (including the top vortex and bottom vortex) and the blade
root vortex. The top vortex and the blade vortex both showed negative vorticity while the
bottom vortex showed positive vorticity. The wake structure is shown more intuitively
in Figure 10.

Firstly, the vorticity contours of x/D = 3 were analyzed. When yaw angle was 10°, the
counter-rotating vortex pair showed a ring distribution, and negative vorticity appeared
in the upper left of the wind turbine’s wake. This was caused by the periodic change of
the blade tip’s rotation speed in the flow direction. When the yaw angle kept increasing,
the area of negative vorticity gradually increased, and both negative and positive vorticity
were much stronger. This was caused by the increase of the blade tip’s velocity in the flow
direction, which enhanced the vorticity conversion.
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Figure 10. Wake structure of a yawed turbine.

Then, the evolution of the vortex structure of different downstream distances was
analyzed. It can be seen that during the development of the wake vortex structure, the
blade root vortex tended to break out of CVP. The larger the yaw angle, the more obvious
this trend. In addition, under the induction of CVP, the root vortex tended to fuse with the
top vortex, which caused the asymmetric deformation of the wake and was the reason for
the rise of the wake velocity deficit in Figure 7.

Overall, CVP played a dominating role in the yawed turbine’s wake evolution. With
the evolution of wind turbine’s wake induced by the vorticity field, the vortex structure
moved to the right as a whole, with the maximum displacement at about the hub height.
Then, a kidney-shape wake structure was formed.

4. Conclusions

Deflection and deformation are the main characteristics of a horizontal wake profile
of a yawed wind turbine. In this paper, the velocity deficit shape of a yawed turbine’s
wake was presented in different ways. It is well known that a yaw wake will deflect,
and the deflection can be explained by the conservation of momentum in the lateral
direction. However, the asymmetry characteristics could not be interpretated perfectly by
this traditional perspective. The turbine’s wake deflected to one side that was opposite
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to the yaw direction, and the increase of the wake deflection below the hub height was
much more obvious. The asymmetry of a yawed turbine’s wake in the horizontal section
was mainly presented in two aspects: the horizontal wake profile at 0.5 R above the hub
height (higher profile) and the horizontal wake profile at 0.5 R below the hub height (lower
profile) were not basically the same as with the un-yawed one. Another asymmetry was
the symmetry of the wake profile itself in the transverse direction. When the turbine was
not in a yaw condition, the wake profile showed a symmetrical Gaussian shape. A typical
velocity deficit distribution was the far wake profile at 0.5 R below the hub height showing
“The Big Dipper” shape instead of a Gaussian shape. This means that the wake had a larger
width on the deflected side.

The complex flow at the horizontal section can be related to the flow on the vertical
section to some extent. The wake of a yawed wind turbine develops into the well-known
kidney shape with the evolution of a wind turbine’s wake. This special shape makes possi-
ble the complex variation of the wake in the horizontal section. CVP plays a dominating
role in a yawed turbine’s wake evolution. The induction effect of CVP can be described by
the Biot-Savart law. In conclusion, the momentum exchange caused by a yawed turbine’s
wake vortex structure leads to a complex wake evolution.
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