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ABSTRACT Trailing edge flap (TEF) devices will change downstream wake development in wind farms
comprising smart rotors, which in turn affect the performance of downstream wind turbines. To study the
influence of TEFs on downstream wake development and power capture of wind turbines in wind farms,
computational fluid dynamics (CFD) simulations using the three-dimensional rotor model are performed in
this paper. The CFD software Fluent is adopted to simulate a wind farm with two tandem wind turbines with
TEFs at rated and below rated turbulent wind conditions. Under the 11.4 m/s turbulent wind conditions, the
results show that the deflection of the TEF increases the velocity deficit and reduces the wake width, making
the wake more complicated. And the positive TEF angle has a greater influence on downstream wake than
the negative TEF angle. Additionally, under the 9 m/s turbulent wind conditions, the total power of the two
wind turbines increases by 6.5% when the TEF angles are 6◦.

INDEX TERMS Computational fluid dynamics, horizontal axis wind turbine, power capture, smart rotor,
trailing edge flap, wake development.

I. INTRODUCTION
In recent years, as wind power has advanced rapidly, the size
of wind turbines and wind farms increase as well to maximize
the wind resources with limited available lands [1]. How-
ever, large blades aggravate the fatigue and extreme loads on
wind turbines within their lifespan, leading to increases in
weight, cost of components, and control difficulty [2]. The
traditional pitch control can adjust the aerodynamic prop-
erties of the blades by changing their pitch angles for load
reduction. As wind turbine blades become larger and more
flexible, there is an increasing need for locally distributed
control surfaces [3]–[5]. Smart rotor technologies for load
reduction have been proposed [6]. Among such technologies,
trailing edge flap (TEF), a local active aerodynamic load
control device, is receiving significant attention owing to
its simple structure and excellent high-frequency regulating
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capability [7]. In smart rotor operation, TEFs can modify the
aerodynamic properties of the airfoil by changing its camber,
making it possible to compensate for the loads variations
caused by the fluctuating local wind speeds seen by the
rotating blade [4]. Currently, adding TEFs to a blade is one
of the most promising methods to achieve load alleviation for
large wind turbines.

Many researchers have investigated the TEF control per-
formance from the perspectives of load alleviation and power
capture [7]–[29]. Basualdo [8] conducted a two-dimensional
theoretical study of the aeroelastic behavior of an airfoil with
geometry that could be altered using a rear-mounted flap. The
results showed that the use of variable airfoil geometry is
an effective means of reducing the vibration magnitude of
an airfoil. Bak et al. [9] carried out a wind tunnel test of
the wind turbine Risø-B1-18 airfoil, which is equipped with
an adaptive trailing edge geometry. The results demonstrated
that it is possible to control the loads on a wind turbine
airfoil with an adaptive trailing edge geometry. At Risø
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DTU in Denmark, a continuous research of using TEFs for
reducing load fluctuations has been carried out [10]–[12].
Additional investigations of TEF devices are underway
worldwide. At Sandia National Laboratories, a rotor with
integrated sensors and rigid TEFs installed on the 9 m-long
blades has been designed, built and tested, ultimately showing
that TEFs can reducemicrostrains effectivelywhile the output
power is reduced to a certain extent [13], [14]. Lackner and
van Kuik [6] investigated the load reduction capabilities of
TEFs in the operation of a 5 MW wind turbine. A feedback
control approach was implemented for load reduction based
on multiblade coordinate transformation and the use of TEFs
was shown to reduce the fatigue loads on blades effectively.
Zhang et al. [15] developed a wind turbine model with
TEFs based on an unsteady aerodynamic model. They imple-
mented a TEF controller using a feedback linearization-based
control method and the results showed that the model has
good reliability and that the use of a feedback-linearization-
based TEF controller can reduce fatigue load and smooth
output power. Zhang et al. [7] established an exact smart
rotor model with TEFs by considering aerodynamic damp-
ing and bend-twist coupling and designed multi-objective
robust adaptive tracking (RAT) controllers for TEFs. The
results showed that the RAT control method can suppress the
fluctuations of flapwise tip deflection and output power for
smart rotors with TEFs, and the method can also be applied
to counter dramatic changes in time-varying nonlinear
systems.

In addition, some studies have focused on the optimiza-
tion of TEF sizing parameters. Smit et al. [26] investigated
the effects of the sizing and location of flap configuration
on a possible increase in energy production and concluded
that flap elements near the blade tip are the most effective.
Zhang et al. [27] developed a wind turbine model with
smart rotor and validated it by comparing with FAST [28].
Additionally, they proposed an approach to optimize TEF
sizing parameters to maximize TEF effects on blade load
alleviation and wind turbine output power smoothness. Their
approach utilized two orthogonal experiments, and then the
optimal group of TEFs sizing parameters was validated via
estimation approaches. Andersen et al. [29] adopted strain
gauges as inputs for a flap controller and investigated the
effects of placing strain gauges at various radial positions on a
blade. Furthermore, they utilized an optimization routine that
minimizes blade root fatigue loads.

Computational fluid dynamics (CFD) is capable of mod-
eling complex three-dimensional flow fields accurately and
simulating fluid dynamics reliably [30], [31]. Therefore, sev-
eral CFD studies on TEFs have been implemented recently.
Jost et al. [32] presented an overview of different possibil-
ities for realizing actively deflecting flaps based on CFD.
A model based on grid deformation was considered to be
favorable because fewer grid cells were needed and greater
accuracy was achieved compared to the CHIMERA [32]
approach. Jawahar et al. [33] studied the aerodynamic per-
formance of a NACA 0012 airfoil fitted with different flaps.

The results revealed that flap camber profiles significantly
affect aerodynamic performance and the downstream wake
development of airfoils.

Overall, the studies above mainly focused on single wind
turbine with TEFs. The results indicate that TEF control can
reduce load and affect output power. The main utilization
of wind energy is in the form of large-scale wind farms for
grid-connected power generation, especially in China [27].
When a wind turbine operates in the lee of another turbine in
a large wind farm, it incurs wake penalty. The average energy
loss caused by wind turbine wakes is approximately 10%
to 20% of annual energy production. Additionally, the wake
of a wind turbine can have a detrimental effect not only on
performance but also on the fatigue loads of downstream
wind turbines [34]. TEF devices will change downstream
wake development in wind farms consisting of smart rotors,
which in turn influence the performance of downstream wind
turbines. However, very few studies have considered this
aspect of TEFs.

In this paper, to study the influence of TEFs on the down-
streamwake development and power capture of wind turbines
in wind farms, CFD simulations of two smart rotors aligned in
a line using the three-dimensional rotor model are performed.
At rated wind speed, the influence of different TEF angles of
upstreamwind turbine on downstreamwake development and
power of the two wind turbines is studied. The power capture
of two wind turbines with TEFs at below rated wind speed is
also investigated.

The remainder of this paper is organized as follows.
In Section II, a numerical model is presented, along with a
smart rotor model with TEFs, computational domain, bound-
ary conditions, and grid setup. Section III discusses the
verification of the computational results including the grid
independence and the output power verification. Section IV
presents the results and discussions, including the analysis
of velocities, turbulences, flow structures of the wake, and
output power. Finally, Section V concludes this paper.

II. NUMERICAL MODEL
In this research, a National Renewable Energy Laboratory
(NREL) 5 MW reference wind turbine [35] is selected as the
modeling object and one TEF is added to each blade. The
CFD software Fluent 18.0 [36] is used to simulate awind farm
with two smart rotors with TEFs.

A. MODELING OF SMART ROTORS WITH TEFs
1) REFERENCE WIND TURBINE
In this study, simulations are performed using the 5 MW
reference wind turbine. Designed by the NREL with a rotor
diameter of 126 m, the size of the NREL 5 MW wind
turbine can be considered as close to the current average
rotor size of newly installed wind turbines which accounts
to 100 m-120 m [37]. Table 1 provides an overview of the
relevant dimensions and operating conditions for the NREL
5 MW reference wind turbine.
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TABLE 1. Parameters of the NREL 5 MW wind turbine.

TABLE 2. Parameters of the TEFs.

2) TEF DESCRIPTION
The optimal parameters of the TEFs are obtained from two
orthogonal experimental designs [27]. A TEF is added to each
blade and the details of the TEFs are provided in Table 2. The
TEFs are treated as rigid bodies. The structure of a NREL
5 MW wind turbine blade with TEFs is presented in Fig. 1.

FIGURE 1. Structure of NREL 5 MW wind turbine blade with a TEF.

FIGURE 2. Motion direction diagram of the TEF.

The motion direction of the TEF is shown in Fig. 2. The
TEFmoves in the direction of the ‘‘+’’ arrow (i.e., clockwise)

FIGURE 3. Model of a smart rotor with TEFs.

for the positive direction and in the direction of the ‘‘−’’
arrow (i.e., counterclockwise) for the negative direction.

The smart rotor with TEFs is presented in Fig. 3 with
the relevant coordinate system and rotational direction. The
nacelle and towerwill affect thewake characteristics and have
strong interaction with the blades and TEFs [38]–[42]. In this
paper, in order to isolate study the influence of TEFs on the
wake characteristics, the nacelle and tower are not included
in the CFD model of wind turbines. The blade has a length
of 61.5 m and the blade pitch and yaw angles are fixed at 0◦

for all performed simulations.

B. COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS
When the placement of two smart rotors is in a linewith TEFs,
the influence of the TEFs on the downstream wind turbine is
the largest, and the flow field in other placement of two smart
rotors can be approximately calculated by formulas [43]. The
power production and lifetime of a downstream turbine are
heavily affected by the separation distance between wind
turbines [1]. Choi et al. [44] examined separation distances
ranging from 3D to 7D and found that the performance
of a downstream wind turbine decreases notably when the
separation distance is less than 6D, where D is the rotor
diameter. Hence, a 7D separation distance, which is typical
for downstream turbines in modern wind farms, is chosen for
simulation. In this paper, the upstream and downstream wind
turbines are denoted as wind turbine one (WT1) and wind
turbine two (WT2), respectively.

As shown in Fig. 4, the computational domain is a cylin-
drical zone with a base radius of 3D and a height of 19D. It is
composed of three main zones, the far-field zone, which is a
stationary zone, and two internal zones composed of two rota-
tional parts including two rotors with independent coordinate
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FIGURE 4. The computational domain.

FIGURE 5. Mesh of the rotational domain.

systems for rotation. The rotational parts are cylindrical zones
with a diameter of 1.3D and height of 0.3D.

Fig. 4 presents the boundary conditions used in our simu-
lations. A uniform wind speed with 5% turbulence intensity
is set at the inlet of the domain in the following simulations.
The boundary conditions for the side surface of the domain is
a symmetrical wall to ensure zero-gradient conditions for the
scalar quantities tangential components of vector quantities,
and be zero for the normal component of vector quantities [1].
The contact surfaces between the rotational and the stationary
domain are configured as interfaces. A moving reference
frame technique is applied to these interfaces. A pressure
outlet condition is assigned to the outlet of the domain with
a value of 0 Pa. The blade surfaces are configured as no-slip
walls.

C. GRID SETUP
Due to the complex geometry of smart rotors with TEFs,
the commercial CFD package STAR-CCM+ 11.02 [45]
is adopted to construct polyhedral meshes in the two

rotational domains. The final meshes and local magnifica-
tions are presented in Fig. 5. A polyhedral type mesh, which
is able to reduce the number of cells by approximately 50%
compared to a hexahedral type mesh of the same size while
offering superior robustness of convergence, is used to fill
whole regions. Local volume refinement zones are used in
the vicinity of the blade and in the wake region immediately
downstream of the blade tomaintain a high resolution in those
areas. The minimum mesh size of the blade is 0.01 m and the
maximum mesh size is 0.1 m. The blade surface is covered
by a prism grid to ensure the accuracy of boundary layer flow
simulation. All wall surfaces of the wind turbine are covered
with eight layers of boundary meshes to ensure appropriate
wall treatment. Finally, the thickness of the first layer mesh
on the blade tip is 0.0006 m, the growth ratio of the layer is
1.2, and the total thickness of the boundary mesh is 0.01 m.

Because the far-field zone is simple in structure, ICEM
18.0 [46] is utilized to construct hexahedral meshes in the
stationary domain. The final mesh and local magnifications
are presented in Fig. 6.
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FIGURE 6. Mesh of the stationary domain.

The grid numbers for each rotational domain and stationary
domain are 6.37 million and 6.21 million, respectively, with
a total number of cells of 18.95 million. The results of mesh
independence tests will be presented later.

D. NUMERICAL METHODS
Considering the calculation cost and the weak interaction
between the rotational zones and the external stationary zone,
a steady incompressible numerical simulation method is used
for wind field simulation. The flow field is low-speed incom-
pressible, which is solved by the implicit three-dimensional
solver based on pressure separation. The Reynolds-Averaged
Navier-Stokes equations (RANS) are solved using Fluent.
In Cartesian coordinates, the three-dimensional steady RANS
equations for steady incompressible flows include the follow-
ing equations:

The continuity equation:

∂(ρui)
∂xi

= 0 (1)

The momentum equation:

∂(ρuiuj)
∂xi

=
∂P
∂xi
+

∂

∂xi

[
µ
∂ui
∂xi
+
∂uj
∂xi
− ρu′iu

′
j

]
(2)

where ui and uj are the average speed components; xi and yj
are the coordinate components; i, j = 1, 2, 3; P is the fluid
average pressure; µ is the kinematic viscosity coefficient of
the fluid; and ρ is the fluid density.

In the momentum equation, the expression ρu′iu
′
j is known

as Reynolds stress and denotes the effects of turbulence. For a
viscous flow, the Reynolds stress is unknown. Hence, in order
to solve the momentum equation, a turbulence model must be
used to simulate the Reynolds stress term.

Complex flows are considered in the k − ω model under
adverse pressure gradient in the near-wall region, and the
k − ε turbulence model is favorable for the full rotor simula-
tion. The shear stress transport (SST) k−ω turbulence model
effectively combines aptitudes of the k − ω model and the

k − ε turbulence model. Consequently, the k −ω transitional
SST turbulent model is used for turbulence modeling.

The SST model is formulated as follows:

∂(ρk)
∂t
+
∂(ρUik)
∂xi

= P̃k−β∗ρkω+
∂

∂xi

[
(µ+σkµt)

∂k
∂xi

]
(3)

∂(ρω)
∂t
+
∂(ρUiω)
∂xi

= αρS2 − βρω2
+
∂

∂xi

[
(µ+σωµt)

∂ω

∂xi

]
+ 2 (1− F1) ρσω2

1
ω

∂k
∂xi

∂ω

∂xi
(4)

where the blending function F1 is defined as follows:

F1= tanh


{
min

[
max

( √
k

β∗ωy
,
500v
y2ω

)
,
4ρσω2k
CDkωy2

]}4
 (5)

where CDkω = max
(
2ρσω2

1
ω
∂k
∂xi

∂ω
∂xi
, 10−10

)
and y are the

distances to the nearest wall. F1 is equal to zero in the area
away from the surface (k − ε model) and switches to a value
of one inside the boundary layer (k − ω model).

The turbulent eddy viscosity is defined as follows:

vt =
a1k

max(a1ω, SF2)
(6)

where S is an invariant measure of the strain rate and F2 is a
second blending function defined as follows:

F2 = tanh

[max

(
2
√
k

β∗ωy
,
500v
y2ω

)]2 (7)

A production limiter is utilized in the SSTmodel to prevent
the build-up of turbulence in stagnation regions as follows:

Pk=µt
∂Ui
∂xj

(
∂Ui
∂xj
+
∂Uj
∂xj

)
→ P̃k=min

(
Pk , 10 · β∗ρkω

)
(8)
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A thorough explanation of numerous blending functions
and corresponding constants for the SST turbulence model is
provided by Menter [47].

Absolute is selected for velocity formulation. The mov-
ing reference frame technique is adopted for data exchange
between the rotational zones and stationary zone. The angular
velocity of the rotational zones is set firstly, then the rotating
axis is set as y-axis and the speed of the blade relative
to the rotating zones is set to 0 rpm. SIMPLE algorithm
is chosen for Pressure-Velocity coupling scheme because
the flow is assumed as steady. To improve the calculation
accuracy, second order upwind discretization is chosen for
momentum equation, turbulent kinetic energy and dissipation
rate. The number of iterations is set to 1200, and the residual
and moment of smart rotors with TEFs are monitored in
the simulations. Convergence is deemed sufficient when the
residual is less than 10−5 or the moment of the blade is near
to steadiness.

III. VERIFICATION OF COMPUTATIONAL RESULTS
Under the 11.4 m/s turbulent wind conditions, the grid inde-
pendence of one wind turbine based on a fixed 0◦ TEF angle
is validated. Then, the output power calculated by Fluent is
compared to the results of FAST at different wind speeds.

A. GRID INDEPENDENCE
Table 3 lists the different torque calculated for five different
numbers of cells. The grid numbers are computed for the
k-ω transitional SST turbulent model and simulations are
performed with the following grid numbers: 11.35 million,
12.67 million, 15.01 million, 18.95 million, and 23.57 mil-
lion. For the condition without TEFs, the designed torque at
11.4 m/s wind speed is approximately 4.08 MN·m, which is
used as a reference value. The relative error for a mesh with
18.95 million cells is less than 5% and the computational cost
of using such a mesh is moderate. Therefore, this mesh is
selected for further investigation.

TABLE 3. Computed torques for different grid sizes.

B. OUTPUT POWER VERIFICATION
The output power of a wind turbine is estimated based on the
clockwise torque of its rotor as follows:

P = M
n · 2π
60

(9)

where P is the output power (W),M is the torque of the rotor
(N·m), and n is the rotor speed (rpm).

FIGURE 7. Comparison of output power between FAST and CFD
simulations at different wind speeds.

Several steady simulations with wind speeds ranging from
the cut-in wind speed of 3 m/s to the rated wind speed
of 11.4 m/s are tested and the results are compared to the
results of the FAST, as presented in Fig. 7. The corresponding
rotor speeds for each wind speed are defined in [35]. The
blades must adjust their pitch angles when the wind speed
exceeds the rated speed, so excessive wind speeds are not
considered in this study. Since the calculations of FAST based
on the blade element method, which lacks three-dimensional
flow effects around blades, the output power calculated
by FAST is slightly greater than that calculated by CFD
simulations [1].

IV. RESULTS AND DISCUSSION
Under the 11.4 m/s turbulent wind conditions, the influence
ofWT1’s different TEF angles on downstreamwake develop-
ment and the output power ofWT1 andWT2 in a wind farm is
studied. Eleven simulations are performed with WT1’s TEF
angles of 0◦, ±2◦, ±4◦, ±6◦, ±8◦, and ±10◦, and WT1’s
TEF angles of 0◦. Under the 9 m/s turbulent wind conditions,
the power capture of the two wind turbines with TEFs is also
investigated. Two simulations are performedwithWT1’s TEF
angles of 0◦ and 6◦. The thirteen simulations described above
are denoted as Case1 to Case13. Table 4 lists the TEF angle
settings for the different cases.

Under the 11.4 m/s turbulent wind conditions, the corre-
sponding rotor speed of WT1 is 12.1 rpm. Because of the
influence of the upstream wake, the wind speed experienced
by WT2 is much lower than 11.4 m/s. Consequently, in order
to maintain a relatively high power coefficient, the rotation
speed of WT2 is set to 8 rpm in the first eleven simula-
tions. Similarly, in the two simulations at the 9 m/s turbulent
wind conditions, the corresponding rotor speeds of WT1 and
WT2 are 10.3 rpm and 6.9 rpm, respectively.
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FIGURE 8. Horizontal y-velocity profiles at the center of the hub (x = 0) in Case1 to Case11.

TABLE 4. TEF angle settings for different cases.

Velocity deficit can be utilized to analyze the level of
velocity recovery and wake width, which indicates the influ-
ential area of wake expansion. As a result, velocity is usually
considered in the analysis of horizontal axis wind turbine
wake.

A. VELOCITY PROFILES IN THE WAKE
The vertical y-velocity profiles at the center of the hub
(x = 0) and corresponding y-velocity contours in the near
downstream area behind WT1 are shown in Figs. 8 and 9,
respectively. TEF deflection causes a greater velocity deficit
and longer low-velocity zone. This influence is more pro-
nounced when the TEF angle is positive, as shown in Fig. 8.
In Fig. 9, the effects of TEFs on the near downstream wake
behind WT1 can be observed more clearly. In all cases other
than Case11, there are two high-speed zones at the edge
of the wake caused by TEF deflection. The range of the
high-speed zone with positive TEF angles is greater than
that of the zone with negative TEF angles. Additionally,
in Case2 to Case11 which have TEF deflection, the velocity
loss is greater and the flow of the wake is more complex
than that of the 0◦ TEF angles in Case1. The flow is also
more complicated when the TEF angles are positive. It can
be seen that different TEF angles have a significant influence
on downstream velocity distributions and that positive TEF
angle plays a greater role.

In the range of −1.5 ≤ z / D ≤ 1.5 and at the center of
the hub (x = 0), the vertical profiles of normalized axial

VOLUME 8, 2020 7355



W. Zhang et al.: CFD Studies of Wake Characteristics and Power Capture of Wind Turbines With TEFs

FIGURE 9. Horizontal y-velocity contours in the near downstream wake behind WT1.

velocities are presented in Fig. 10. The axial velocity Vy is
normalized by the corresponding reference wind speed Vref.
Therefore, the normalized velocities at the upstream station
are equal to 1. These results reveal the velocity deficit caused
by the momentum extraction of the wind turbine and the
consequent recovery behind the wind turbine. Owing to the
stagnation effect and the consequent expansion of stream
tube, the normalized velocities are not equal to 1 at the
upstream location of y / D = −1. In Case2 to Case6 where
the TEF angles are positive, the velocity is always less than
that in Case1 where the TEF angles are 0◦. And the velocity
decreases as the angle increases. In contrast, when the TEF
angles are negative, the velocity increases with the angle,
even more than those when the TEF angles are 0◦. As shown
in Fig. 10, near-symmetrical behavior of the velocity profiles

can be observed about the hub center corresponding to the
rotor blade at y / D = −1, 8, 10, 12, 14, 16. However,
an asymmetrical and more complicated velocity profile can
be observed in the near downstream region behind WT1 at
y / D = 1, 3, 5. In the case of TEF deflection, the wake
velocity in the downstream region behind WT1 is less than
that when the TEF angles are 0◦, except for the velocities at
y / D = 1, 12, 14, 16, which are locations near and relatively
far from WT1.

B. FLOW STRUCTURES OF THE WAKE
The vertical y-velocity profiles at different stream-wise
locations in the first eleven cases (Table 4) are presented
in Fig. 11. The width of the wake is defined as the region in
which the ratio of velocity profile value to inflow wind speed
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FIGURE 10. Comparison of normalized y-velocities at one upstream and eight downstream locations.

is smaller than 0.99 [48], which is denoted by the arrows
in Fig. 11.

From the velocity profiles at y / D= 1, 3, 5 in these eleven
cases (Table 4), it can be seen that the wake widths behind
WT1 in Case2 to Case11 are smaller than that in Case 1, but
the corresponding velocity deficits are greater. In Case2 to
Case6 where the TEF angles are positive, the velocity deficit

increases with angle. In contrast, in Case7 to Case11 where
the TEF angles are negative, the velocity deficit decreases
with angle. The wake is approximately symmetrical about
the centerline and maintains a circular shape with increasing
downstream distance in Case1. However, the wake exhibits
asymmetrical behavior and gradually transforms into a trian-
gle shape in Case2 to Case11.
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FIGURE 11. Vertical y-velocity profiles at different stream-wise locations in Case1 to Case11.
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From the velocity profiles at y / D = 8, 10, 12, 14, 16 in
these eleven cases (Table 4), because the arriving upstream
wake combines with the wake generated by WT2, wakes
in all eleven cases enlarge their regions and become more
complicated. It can be seen that the wake widths behind
WT2 in Case2 to Case11 are not significantly different from
that in Case1, except that the velocity deficits are greater than
that in Case1.

C. OUTPUT POWER
A comparison of output power for the first eleven cases
(Table 4) is presented in Fig. 12. The output power of WT1 in
Case1 is 4.84 MW, which satisfies the design standard [35]
and verifies the validations of present simulations in another
way. When the TEF angles are negative, the output power of
WT1 decreases as angle increases. When the TEF angles are
positive, the power of WT1 is greater than that with a 0◦ TEF
angle, as shown in Fig. 12.

FIGURE 12. Comparison of output power in eleven cases.

The total output power of WT1 and WT2, as well as the
growth rates in eleven cases (Table 4), are listed in Table 5.
When the WT1’s TEF angles are 6◦, the total power growth
rate of the wind turbine reaches 7.6%. The influence of
different TEF angles on the total output power can be clearly
observed in Table 5. It can be obtained that it is feasible to
use TEFs to improve the power capture of wind turbines.

Under the 9 m/s turbulent wind conditions, the TEFs of
WT1 and WT2 are deflected by 6◦ to increase the total
power of WT1 and WT2. Fig. 13 presents an output power
comparison between Case12 and Case13. When the WT2’s
TEF angles are set to 6◦, the power of WT2 is very close
to that of WT2 in Case1 and the total power growth rate of
WT1 andWT2 is 6.5%. Overall, the simulations demonstrate
the ability to improve the power capture of smart rotors with
TEFs.

FIGURE 13. Output power comparison between Case12 and Case13.

TABLE 5. Total output power and growth rate in eleven cases.

Most importantly, different TEF angles have a significant
influence on downstream wake development and the positive
TEF angles play a greater role. Additionally, smart rotors with
TEFs can be utilized to improve the output power of wind
farms.

V. CONCLUSION
In this paper, the influence of TEFs on the downstream wake
development and power capture of wind turbines with TEFs
in wind farms is analyzed based on CFD simulations of two
smart rotors with TEFs aligned in a line using the three-
dimensional rotor model. The following conclusions can be
drawn from the present study:

1) Several steady simulations from the cut-in wind speed
of 3 m/s to the rated wind speed of 11.4 m/s are tested and
the results are compared to those of FAST. The simulation
results show good agreement with the FAST results, indi-
cating that the three-dimensional rotor model is capable of
simulating the operational processes of wind turbines with
TEFs accurately.
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2) At the rated wind speed, the influence of TEF angles
on downstream wake development is studied. The results
show that the deflection of the TEF increases the veloc-
ity deficit and reduces the wake width, making the wake
more complicated. And the positive TEF angle has a greater
influence on downstream wake than the negative TEF angle.
The downstream wake exhibits asymmetrical behavior and
transforms into a triangle shape gradually in the presence of
TEF deflection.

3) The power capture of two wind turbines with TEFs is
investigated. The total power growth rate of the wind turbine
reaches 7.6% at the 11.4 m/s wind speed, when the TEFs
of WT1 and WT2 are deflected by 6◦ and 0◦, respectively.
The total power growth rate of WT1 and WT2 is 6.5% at the
9 m/s wind speed, when the TEFs of WT1 and WT2 are both
deflected by 6◦. These results demonstrate that it is feasible
to use smart rotors with TEFs to improve the output power of
wind farms.

Overall, our CFD analysis of TEF angles reveals their
considerable influence on the wake characteristics and out-
put power of wind turbines, which should provide a useful
reference for wind farm control.
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