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This paper establishes a high-fidelity and efficient Computational Fluid Dynamics
(CFD) numerical method (AL-LDS-Ωnew) for wind turbine wake by combining the
actuator line (AL), the localized dynamic Smagorinsky (LDS) sub-grid scale (SGS),
and the new generation Ωnew vortex identification method under the framework
of large eddy simulation. The model advantages are encouraging: 1) In terms of
turbine modeling, the AL model is adopted to replace the traditional three-
dimensional solid model, which avoids solving the boundary layer on the blade
surface and improves computational efficiency; 2) In terms of wake simulation,
the LDS SGS model is used to model turbulence, reducing vortex dissipation and
further improving the refinement of turbine wake; 3) In terms of vortex
identification, the new generation Ωnew vortex identification method avoids
the difficult threshold selection in previous vortex identification and captures
more refined vortex structures. The accuracy of the model is validated against
published data of a NREL 5 MW wind turbine, and then extended to simulate the
wake interference of tandem twin-rotor turbines by changing the pitch angle of
the upstreamwind turbine (WT1). The influencemechanisms between array wake
interference and energy conversion efficiency under the pitch strategy are
explored, demonstrating the AL-LDS-Ωnew coupling method is
computationally accurate and efficient for simulating the complex wake
interference. From analyses, the pitch strategy can effectively suppress the
wake effect of the upstream turbine (WT1) and increase the power output of
the downstream turbine (WT2), thus improving the overall output power of the
array farm. Compared with the non-pitch condition (0 pitch angle), a pitch angle
of (2°) maximizes the global energy conversion efficiency of the twin-rotor array:
power augmentation by 0.29%, and thrust reduction by 5%. This optimal state
reduces the fatigue load of the turbine and is more conducive to long-term
operation. The findings, whilst preliminary, encourage the use of turbine pitch
strategies in the wind farm planning and operation.
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1 Introduction

Wind energy occupies an important proportion in developing
renewable energy sector (Li et al., 2023; Boadu and Otoo, 2024; Zeng
et al., 2024) owing to experience, economic efficiency, and eco-
friendly impact. With the rapid growth of the wind power industry,
the wind farm design is gradually evolving towards array and
clustering (Yuan et al., 2017; Sun et al., 2021). In the array
optimization layout, reducing rotor spacing can increase the
power density per unit area of the wind farm (Ji et al., 2018;
Yuan et al., 2021) and as well the commercial efficiency.
However, the velocity deficit and high turbulence intensity in the
wake of the front turbine WT1, changes the inflow conditions of the
posterior turbine (WT2) thus decreasing its output power and
augmenting the experienced fatigue loads (Zeng et al., 2023; Liu
et al., 2024). This not only reduces the utilization rate of wind
energy, but also wastes land resources. Therefore, exploring the
turbine wake flow mechanism, especially applying an effective wake
control strategy to the upstream turbine in the wind farm, will be of
great significance for optimizing the layout of the wind farm and
improving the overall power output of the wind farm (Mühle
et al., 2024).

In terms of the single-rotor turbine, some scholars (Zhang, 2014;
Hu et al., 2016; Zeng et al., 2021a; Zeng et al., 2021b) have studied the
wake characteristics of the wind turbine under different inflow
conditions by using the combination of the body-fitted mesh and
RANS model. The body-fitted mesh method consumes multiple
computational resources, so the results only account for the velocity
deficit of the wake and not for the vortex visualization. In order to
improve the wake refinement, other scholars (Shen et al., 2015; Qian
et al., 2018) have explored the effect of yaw angle on the wake
characteristics of the wind turbine based on DES or LES methods.
The discussion on vortex visualization has been added to the results
using the first-generation Vorticity vortex identification method.
Consequently, it may identify the rough vortex surface shape but not
the complete blade vortex system (tip vortex and root vortex). In
order to improve computational efficiency and vortex capture
accuracy, some scholars (Gao et al., 2021; Ji et al., 2022) have
conducted numerical studies on the wind turbine based on the
AL-LES coupling method. In the results, the second-generation Q
vortex identification method has been used, clearly identifying the
blade vortex system; the only major disadvantage is the uncertainty
of the threshold selection. With the development of vortex
identification methods, Huang et al. (2021) studied the wake
characteristics of the floating wind turbine based on the AL-
RANS coupling method. The latest third-generation Ωnew vortex
identification method was introduced in the results, and a fixed
threshold was used to clearly capture the development and
fragmentation of the blade vortex system.

In terms of the multi-rotor turbines, Zhang (Zhang, 2018)
explored the wake interference of tandem multi-rotor turbines
based on the combination of the body-fitted mesh and DES
model. The results only analyzed the wake velocity deficit,
lacking discussion on the velocity contour and vortex structure.
Meanwhile, it was also pointed out that the body-fitted mesh
method is unsuitable for the numerical simulation of the large-
scale wind farm. To increase computational efficiency, Hornung
et al. (2015) conducted research on tandem multi-rotor turbines

based on the coupling method of actuator disk (AD) and RANS.
However, the ADmodel could not consider the rotor rotation effect,
and thus, the blade vortex system. In other words, the relationship
between wake vortex interference and wind farm output power was
not analyzed from the mechanistic perspective. Considering that the
AL method can balance computational accuracy and efficiency,
some scholars (Fleming et al., 2015; Wang et al., 2019; Zhang
et al., 2022) have studied the wake interference of tandem twin-
rotor turbines based on the AL-LES coupling method, adopting the
standard Smagorinsky sub-grid scale model (turbulence treatment).
In these studies, different control strategies [yaw (Fleming et al.,
2015), precone (Zhang et al., 2022), tilt (Wang et al., 2019), etc.] were
applied to the WT1 in an attempt to reduce the WT1 wake effect, so
as to improve the overall power output of the wind farm. The results
indicated that (different) control strategies modify the wind farm
output power to a certain extent. However, the analysis of the results
mainly focused on wake velocity deficit, lacking an explanation of
the influence mechanism between wake interference and energy
conversion efficiency.

In summary, the shortcomings can be divided into three topics:

(1) Research methods: (a) Some scholars (Zhang, 2014; Hu et al.,
2016; Qian et al., 2018; Zhang, 2018; Zeng et al., 2021a; Zeng
et al., 2021b) have used the body-fittedmeshmethod to model
the wind turbine, requiring substantial computational
resources to solve the blade boundary layer. At present,
this method is not suitable for the refined numerical
simulation of the large-scale wind farm. From another
perspective, (b) other scholars (Fleming et al., 2015; Wang
et al., 2019; Gao et al., 2021; Huang et al., 2021; Ji et al., 2022;
Zhang et al., 2022) have adopted the actuator models (AD or
AL) to improve the computational efficiency, but the
turbulence modeling was mainly based on RANS, DES and
LES (standard Smagorinsky SGS model) methods, all of
which had the problem of insufficient precision of wake
simulation.

(2) Results discussion: The current research has mainly focused
on the wake velocity distribution. The insufficient precision of
wake simulation and the influence of grid viscosity that the
turbine wake vortex dissipates rapidly when it propagates
downstream, leads to a lack of analysis of vortex visualization,
wake interference, and flow mechanism.

(3) Wake vortex identification: Many studies have mainly
adopted the previous vortex identification methods (1st
generation Vorticity, 2nd generation Q), both of which
have limitations: (a) The first-generation Vorticity method
can only identify the rough vortex surface shape and cannot
capture the blade vortex system, resulting in inaccurate
display (Ren et al., 2020); (b) The threshold selection of
the second-generation Q method is difficult, and different
cases or even different moments of the same case require
human experience to adjust the threshold repeatedly.
Furthermore, it cannot display strong and weak vortexes
simultaneously (Zhao and Wan, 2021); (c) The third-
generation Ωnew method has been applied to a small
number of fields in ocean engineering (Zhao et al., 2020),
but this method is still in the exploratory stage and has not yet
been validated for its universality in all flow problems.
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The present study aims to apply a certain control strategy to
the front turbines to augment the overall power output due to its
relevance in large-scale wind farm deployment (Liu, 2023). Firstly,
this paper combines the AL model with the LES method. In order
to further improve the precision of wake simulation, a localized
dynamic Smagorinsky (LDS) sub-grid scale (SGS) model is used
for turbulence modeling (Piomelli and Liu, 1995; Wang and
Bergstrom, 2005), and the new generation Ωnew vortex
identification method is coupled to establish a set of high-
fidelity numerical simulation method (AL-LDS-Ωnew) for the
wind turbine wake. Secondly, tandem twin-rotor turbines are
selected as the research objects, and the pitch strategy is
introduced for the WT1 to explore the wake interference and
overall power output characteristics of the twin-rotor array under
different pitch angles. In addition, the latest third-generation Ωnew

vortex identification method is successfully applied to the wake
vortex visualization of the twin-rotor array under pitch strategy.
The applicability and advantages of the third-generation Ωnew

vortex identification method are validated against other vortex
identification methods (1st generation Vorticity, 2nd generation
Q). The influence mechanism of the WT1 wake vortex structure on
the WT2 is further revealed, providing a reference for improving
the overall output power of the wind farm.

2 Mathematical model

2.1 Governing equations

The grid-filtered Navier-Stokes (N-S) equations for the
incompressible LES are as follows:

∂�ui

∂xi
� 0 (1)

∂�ui

∂t
+ ∂
∂xj

�ui�uj( ) � −1
ρ

∂�p
∂xi

+ v
∂2�ui

∂xj∂xj
− ∂τij
∂xj

+ fε (2)

where ui represents the velocity vector component in the i-direction,
and the overbar indicates grid-scale filtered variables. The fε
represents the body force source term applied by the wind
turbine to the flow field, whereas the τij is the sub-grid stress
term defined by the tensor, a variable that needs to be closed by
modeling as:

τ ij � uiuj − �ui�uj (3)

The construction of sub-grid scale (SGS) models has always been a
key issue in the LES research. The function of SGSmodels is to close the
sub-grid stress tensor τij in Equation 3. There are differences in the
accuracy of different SGS models and their applicability to different
physical problems. Currently, several classic SGSmodels can be roughly
divided into: standard Smagorinsky (SS) SGS, average dynamic
Smagorinsky (ADS) SGS, and localized dynamic Smagorinsky (LDS)
SGS model. The coefficients in the SS SGS model are constant and
remain unchanged throughout the numerical simulation process. This
model cannot capture the temporal and local effects of the flow field.
Although the coefficients in the ADS SGSmodel vary dynamically, they
can only take the same value at each time step; namely, the average value
of the entire flow field, which can only reflect the time effect of the flow

field. In comparison, the LDS SGS model can dynamically adjust the
values of coefficients in the entire flow field based on changes in the
turbulent structure of the flow field. They can capture the instantaneous
fluctuation characteristics of the high-fidelity flow field.

In the framework of large eddy simulation, this paper
ultimately implants a localized dynamic Smagorinsky (LDS)
sub-grid scale (SGS) model, further improving the refinement
of wind turbine wake simulation from the perspective of
turbulence simulation. The discretization of the governing
equations (Equations 1, 2) in the paper adopts the collocated
finite volume method (CFVM), and the momentum equation is
solved using the transient PISO algorithm (Issa, 1986). In terms of
time progression, the second-order bounded semi-implicit Crank-
Nicholson (CN 1.0) scheme is used. The second-order QUICK
scheme is used for the convection term, and the second-order
unbounded Gaussian linear scheme of the central difference
method is used for the other terms. The linear equation system
for pressure p is calculated using the PCG (Preconditioned
Conjugate Gradient) solver based on the GAME (Geometric-
Algebraic Multi-Grid) method, while the linear equation system
for velocity u is calculated using the PBiCG (Preconditioned Bi-
Conjugate Gradient) solver.

2.2 Actuator line model

The actuator line (AL) model is a fully three-dimensional
(3D) transient aerodynamic model for the horizontal-axis wind
turbine, first proposed by Sørensen and Shen (Sorensen and
Shen, 2002). The core idea of the AL model is to simplify the
wind turbine blades into virtual lines distributed along the radial
direction in the flow field. Each actuator element on the AL is
defined as the actuator point, as shown in Figure 1. A body
(load) force at the actuator point simulates the obstruction effect
of the wind turbine on the flow field, whereas the aerodynamic
characteristics of the turbine wake are obtained by solving the
N-S equation. Therefore, the 3D solid blades are unnecessary to
avoid solving the boundary layer on the blade surface. Moreover,
there is no need to use the grid rotation strategy (moving-grid,
sliding-grid or overset-grid) to realize wind turbine rotation,
which will significantly reduce the time of each time step cycle
iteration in the simulation process (Ji et al., 2019; Yu
et al., 2020).

Based on the rotational angular velocity ω of the wind turbine,
all actuator points update their positions at the end of each time
step. Figure 2 shows the velocity triangle of the airfoil section at the
radial position of the blade. According to the velocity on the grid
element near the actuator point, the local axial velocity Ux and
tangential velocity Ur at the actuator point can be obtained through
linear interpolation. According to the vector relationship in the
velocity triangle, the relative inflow velocityUrel at the actuator point
can be calculated using Equation 4.

Urel �
�������������
U2

x + ωr − Ur( )2
√

(4)

The local angle of attack α is defined as the angle between the
airfoil chord at the actuator point and the relative inflow velocity
Urel, which can be calculated using Equation 5.
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α � φ − γ (5)
where γ and φ represent the pitch and inflow angle of the airfoil
section at the actuator point, which can be determined by
the included angle between the rotation plane of the wind
turbine and the relative inflow velocity Urel. The inflow angle is
defined as Equation 6: They are expressed as Equations 7, 8:

φ � arctan
Ux

Ur − ωr
( ) (6)

The lift L and drag D of the wind turbine at each actuator point
are determined by the relative inflow velocity Urel and local angle of
attack α.They are expressed as:

L � 1
2
ρwcU2

relCL α, Rec( ) (7)

D � 1
2
ρwcU2

relCD α, Rec( ) (8)

where w and c are respectively the blade element thickness and
local chord length at the actuator point. The CL and CD denote the
lift and drag coefficients respectively, which are only related to the
local angle of attack α and the local chord length Reynolds number
Rec. The lift and drag coefficients can be obtained by experiments,
CFD simulations, table look-up, XFOIL software, etc. (Ji
et al., 2022).

In general, the blade tip loss correction Ftip needs to be considered
in the lift-drag calculation, which can be calculated by Equations 9, 10.

FIGURE 1
The schematic diagram of the AL model.

FIGURE 2
The velocity triangle of the airfoil section at the actuator point.
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�f2D � LeL
→+DeD

�→( ) · Ftip (9)

Ftip � 2
π
arccos exp −Nblade R − r( )

2r sinφ
( )[ ] (10)

where eL
→ and eD

�→ respectively represent the unit vectors in the
direction of lift and drag. Nblade is the number of blades, and R is the
radius of the wind turbine.

In addition, in order to prevent numerical oscillation
(Sorensen and Shen, 2002), the body force source term
representing the wind turbine usually needs to be smoothed
by introducing a kernel function before solving the flow field.
This paper selects the Gaussian kernel function ηε(d) for body
force smoothing, and the specific expressions are shown in
Equations 10, 11.

TABLE 1 The NREL 5 MW wind turbine model parameters.

Parameters Values

Blades number 3

Diameter 126 m

Cut in wind speed 3 m/s

Rated wind speed 11.4 m/s

Cut out wind speed 25 m/s

Cut in rotational speed 6.9 rpm

Rated rotational speed 12.1 rpm

Rated output power 5.29 MW

TABLE 2 Case settings of the wind turbine based on the AL-LDS-Ωnew coupling method.

Case Inflowwind speed (m/s) Rotation speed (rpm) Rotation angle at each time step (°) Time step (s) Method

Case1 3 6.93 1 0.024 AL-LDS-
Ωnew

Case2 4 7.23 1 0.023 AL-LDS-
Ωnew

Case3 5 7.52 1 0.022 AL-LDS-
Ωnew

Case4 6 7.92 1 0.021 AL-LDS-
Ωnew

Case5 7 8.52 1 0.020 AL-LDS-
Ωnew

Case6 8 9.21 1 0.018 AL-LDS-
Ωnew

Case7 9 10.30 1 0.016 AL-LDS-
Ωnew

Case8 10 11.49 1 0.015 AL-LDS-
Ωnew

Case9 11 11.88 1 0.014 AL-LDS-
Ωnew

Case10 11.4 12.08 1 0.014 AL-LDS-
Ωnew

TABLE 3 Comparison of the basic numerical methods in this paper and other scholars.

Affiliation Blade modeling Turbulence Software Abbreviation

JUST (This paper) AL LES: LDS JUSTFoam-Turbine JUST (AL-LDS-Ωnew)

HEU (Yu, 2018) BFM DES STAR-CCM+ HEU(BFM-DES)

HEU (Zou et al., 2018) BFM RANS: SST k-ω STAR-CCM+ HEU(BFM-RANS)

SJTU (Zhao and Wan, 2015) BFM RANS: SST k-ω naoe-FOAM-SJTU SJTU(BFM-RANS)

SJTU (Li et al., 2015) AL RANS: SST k-ω FOWT-UALM-SJTU SJTU (AL-RANS)

UCAS (Liu, 2014) BFM RANS: Spalart-Allmaras Fluent Fluent (BFM-RANS)

UCAS (Liu et al., 2012) BEM None Bladed Bladed (BEM-None)

Note: (HEU, harbin engineering university; JUST, jiangsu university of science and technology; SJTU, shanghai jiao tong university; UCAS, university of chinese academy of sciences; AL,

actuator line; BFM, Body-Fitted Mesh; BEM, Blade Element Momentum).
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�fturbine � �f2D · ηε d( ) (11)

ηε d( ) � 1
ε3π3/2

exp −d
2

ε2
( ) (12)

where the Gaussian projection width ε is a parameter that adjusts the
intensity of the body force projection. The d represents the distance
from the center of the actuator point to the center of the grid element
applied by the body force.

In summary, the key to using the AL model is to smoothly load
the body force onto the grid elements near the wind turbine to

characterize the turbine’s effect on the flow field. The solving
procedure for the AL model can be summarized with the
following steps:

(1) According to the current time step, locate all actuator points
in each partition of the flow field.

(2) According to Equation 4, calculate the local relative inflow
velocity Urel at the location of each actuator point.

(3) According to Equations 9, 10, calculate the body force at all
actuator points.

FIGURE 3
Performance comparison between calculation results of different scholars under different wind speeds and NREL benchmark values. (A) Power
(B) Thrust.
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(4) According to Equations 11, 12, the body force is smoothly
distributed by the Gaussian projection.

(5) According to Equations 1, 2, solve the flow field.
(6) Rotate the blades.
(7) Execute the next time step.

2.3 Vortex identification method

There are a large number of vortex structures with different
intensities and scales in the wind turbine wake, and the vortex plays
a crucial role in the generation and maintenance of turbulence. By
clearly capturing the vortex structure, the wake flow mechanism can
be deeply analyzed, which is significant for studying turbulence
problems. However, no unified conclusion exists on the wake
vortex’s identification and definition. The vortex identification
methods have been developed for three generations, mainly

including: 1) the first (Vorticity, etc.); 2) the second (Q, λ2, λci,
Δ, etc.); 3) and third-generation (Ωnew, etc.).

The first-generation vortex identification method is based on the
Vorticity, which is calculated using Equation 13, where the Vorticity
is defined as the curl of the velocity vector.

Vorticity � ∇× U (13)
Although the mathematical definition of the Vorticity is clear, its

physical meaning is somewhat unclear (Wang et al., 2020). Many
researchers (Shen et al., 2015; Qian et al., 2018; Ren et al., 2020) have
found that using the first-generation Vorticity vortex identification
method cannot accurately characterize the vortex structure of the
flow field. It can only identify a rough vortex surface profile but fails
to capture strong and weak vortexes, vortex shedding, and overall
vortex development process.

Because the results of the first-generation vortex identification
method (Vorticity) are not satisfactory, researchers have proposed

FIGURE 4
Wind farm calculation domain.

FIGURE 5
Step-by-step mesh refinement.
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the second-generation vortex identification methods (Q, λ2, λci, Δ,
etc.). Although their theoretical foundations vary, the Q and λ2
methods can be understood as a correction to the first-generation
method. The λci and Δ methods are derived from the influence of
velocity gradient tensor ∇U on local instantaneous streamline
(Wang et al., 2020).

In the subsequent post-processing of this paper, the Q-criterion,
which is the most commonly used in the second-generation vortex
identification methods, is selected to visualize the wake vortex
structure of the wind turbine. The Q-criterion method was
proposed by Hunt (Hunt et al., 1988), and the specific
calculation formula is shown in Equation 14.

Q � 1
2

B2
F − A2

F( ) (14)

where A and B represent the symmetric and antisymmetric parts of
the velocity gradient tensor, respectively.

The second Galilean invariant Q > 0 of the velocity gradient tensor
∇U is used to characterize the vortex structure. However, in the second-
generation Q-criterion method, it is usually necessary to manually
specify a threshold. In different grids, different cases, and even at
different times within the same case, it is necessary to repeatedly adjust
the threshold to achieve a clear display of the wake vortex structure.
Inconveniently, the second-generation Q-criterion method fails to
display both strong and weak vortexes simultaneously.

Based on the above issues, Liu (Liu et al., 2016) conducted
original works on the vortex identification methods and proposed a
new generation (third-generation) vortex identification method
(Ωnew). Its calculation formula is shown in Equation 15, where ε
is a small positive number that prevents division by zero.

Ωnew � B2
F

A2
F + B2

F + ε (15)

Obviously, the value of Ωnew ranges from 0 to 1, which can be
understood as the concentration of vorticity. The Ωnew represents

the rigidity of fluid motion. When Ωnew = 1, the fluid rotates rigidly,
whereas if Ωnew > 0.5, the antisymmetric tensor B is dominant over
the symmetric tensor A. In practical applications, a Ωnew = 0.52 is
usually recommended as a fixed threshold to identify vortex
structures (Liu et al., 2016; Ren et al., 2020; Zhao et al., 2020).

Compared with the second-generation vortex identification
methods, the Ωnew method has the following advantages: (a)
Clear physical meaning; (b) Easiness to implement in programs;
(c) simultaneous visualization of strong vortex and weak vortexes,
especially more broken weak vortex can be captured (Wang et al.,
2020; Zhao et al., 2020); (d) Normalization (the value ranges from
0 to 1), without significantly adjusting the threshold.

In the subsequent analysis of the wind turbine wake vortex in
this paper, three different vortex identification methods (1st
generation Vorticity, 2nd generation Q, 3rd generation Ωnew) are
used to visualize the wake vortex structure of tandem wind turbines,
in order to explore the applicability of the latest 3rd generation
vortex identification method under pitch strategy of the upstream
turbine. This will help further understand the complex wake vortex
mechanism of wind turbines.

3 Validation

To validate the calculation accuracy of the (AL-LDS-Ωnew)
model, a NREL 5 MW wind turbine model is selected as the
research object, with main parameters shown in Table 1. The
aerodynamic loads (thrust and power) under different wind
speeds are calculated, and the specific case settings are
summarized in Tables 2, 3 summarizes the basic numerical
methods adopted by this paper and other similar studies.

Figure 3 compares the calculation results of the newly
established AL-LDS-Ωnew coupling method, against the published
by the NREL and other scholars. Regarding power, the results of the
AL-LDS-Ωnew coupling method and most scholars agree with the
NREL benchmark value, however, some scholars’ results have a

TABLE 4 Case settings of tandem twin-rotor turbines under pitch strategy.

Case Pitch strategy (°) Inflow wind speed (m/s) Rotation speed (rpm) Method

WT1 WT2

Case11 −10 0 11.4 12.08 AL-LDS-Ωnew

Case12 −8 0 11.4 12.08 AL-LDS-Ωnew

Case13 −6 0 11.4 12.08 AL-LDS-Ωnew

Case14 −4 0 11.4 12.08 AL-LDS-Ωnew

Case15 −2 0 11.4 12.08 AL-LDS-Ωnew

Case16 0 0 11.4 12.08 AL-LDS-Ωnew

Case17 2 0 11.4 12.08 AL-LDS-Ωnew

Case18 4 0 11.4 12.08 AL-LDS-Ωnew

Case19 6 0 11.4 12.08 AL-LDS-Ωnew

Case20 8 0 11.4 12.08 AL-LDS-Ωnew

Case21 10 0 11.4 12.08 AL-LDS-Ωnew
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certain deviation near the rated wind speed. Regarding thrust, the
AL-LDS-Ωnew coupling method has a consistent trend with the
scholars’ results but is smaller than the NREL benchmark value. The
possible reason is that the NREL benchmark value is calculated by
the FAST software based on the blade element momentum (BEM)
theory, which cannot consider the viscous effect of the fluid and
must employ empirical correction models (three-dimensional effect,
dynamic stall, rotation effect, blade tip loss, etc.). In comparison, this
paper and most scholars use the viscous CFD method. In summary,
the calculation accuracy of the newly established AL-LDS-Ωnew

coupling method is validated by selecting the NREL 5 MW wind
turbine benchmark value and other scholars’ research results, which

lays the foundation for the following study on wake effects of multi-
rotor wind turbines under the pitch strategy.

4 Case configuration

The NREL 5 MW wind turbine model is still used in the
numerical simulation of the wind farm. Figure 4 is the schematic
diagram of the calculation domain, where D represents the wind
turbine diameter. The x direction of the computational domain is
the direction of air flow, with a total length of 18D. The lateral (y)
and vertical (z) directions (same as gravity) both measure 6D. Two

FIGURE 6
Output power and thrust of tandem twin-rotor turbines. (A) Output power (B) Thrust.
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wind turbines (WT1 and WT2) are arranged in series, with
WT1 being 3D away from the inlet and 6D away from WT2.

The advantage of the actuator line model is that the Cartesian
grid is used to discretize the whole computational domain. There is
no need to carry out three-dimensional solid modeling for the wind
turbine, which significantly improves computing efficiency. As
shown in Figure 5, the mesh adopts a three-layer step-by-step
refinement scheme. The minimum grid requirement applies to
ensure that the number of grids in the blade diameter direction
is 60–80 (Yu et al., 2020; Ji et al., 2022), where the total number of
grids is approximately 11 million. The recommended time step
selection ensures that the courant number (CFL condition) is less
than 0.5. The total calculation time is recommended to circulate the
flow field 3–4 times, and the wind speed from the inlet to the outlet is
counted as one time. This configuration scheme can clearly capture
the blade vortex system (tip and root vortexes) (Sorensen and
Shen, 2002).

In the simulations, the upstream wind turbine (WT1) is
equipped with 11 different pitch angles, ranging from −10 to 10,
using an interval of 2. However, the pitch angle of the downstream
wind turbine (WT2) remains at 0. The case settings are summarized
in Table 4. The two wind turbines (WT1 and WT2) in the series are
facing the direction of the incoming flow, with the inlet set at the
rated wind speed of 11.4 m/s. The outlet and top are pressure outlet
boundaries, whereas the bottom is a slip boundary, and the left and
right are symmetrical boundaries.

5 Results

5.1 Power output characteristics

The wind turbine’s power and thrust employ the average of the
instantaneous last three cycles (stable state) results. Figure 6 shows

TABLE 5 Power output ratio η of each wind turbine in the twin-rotor array under pitch strategy.

Pitch angle (°) Power output ratio η Pitch angle (°) Power output ratio η

WT1 (%) WT2 (%) WT1 (%) WT2 (%)

0 100.00 18.49 0 100.00 18.49

−2 101.55 12.38 2 92.81 25.89

−4 100.26 13.45 4 81.05 35.05

−6 93.36 19.82 6 66.03 47.81

−8 75.29 23.87 8 47.99 61.93

−10 44.47 23.82 10 26.75 76.96

FIGURE 7
Wake velocity contour of the tandem twin-rotor array.
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FIGURE 8
Under the optimal pitch angle of 2, the first-generation vortex identification method (Vorticity) visualizes the wake vortex structure of the
wind turbine.

FIGURE 9
Under the optimal pitch angle of 2, the second-generation vortex identification method (Q) visualizes the wake vortex structure of the wind turbine.

FIGURE 10
Under the optimal pitch angle of 2, the third-generation vortex identificationmethod (Ωnew) visualizes the wake vortex structure of the wind turbine.
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the numerical performance (power left, and thrust right) of the
tandem twin-rotor turbines under the pitch strategy, in terms of
single (green bar for WT2 and red bar for WT1) and overall output
(black bars). In addition, the ratio of the power of each wind turbine
to the power of WT1 without pitch is defined as the power output
ratio η, as shown in Table 5.

By analyzing Figure 6; Table 5, it can be seen that.

(1) When the pitch angle of WT1 increases from −10° to 10° using
an interval of 2°, the output power of WT1 and WT2 changes
obviously. WT1 shows a trend of first increasing and then
decreasing, while WT2 shows the opposite trend. When the
pitch angle of WT1 is −2, the power of WT1 is a maximum at
5.53 MW, while WT2’s is a minimum at 0.674 MW. However,
the combined output power is not the highest among the cases.

(2) When the pitch angle of WT1 increases from negative to zero
pitch angles (−10° ~ 0°), the change of power WT1 is
significant. However, it can be seen from Table 5 that the
maximum power output ratio η of WT2 is always less than
24%, so WT2 is always in a low-power state. This indicates
that although the negative pitch angle reduces the power
output of WT1, it still leads to a strong wake state for
downstream turbines. Therefore, the negative pitch angle
should be avoided in wind farm engineering.

(3) When the pitch angle of WT1 changes increases from zero to
positive pitch angles (0° ~ 10°), the power of WT1 gradually
decreases, while the power of WT2 gradually increases.
Table 5 shows that the maximum power output ratio η of
WT2 is close to 77%. The above indicates that the positive
pitch angle reduces the power and wake output of the WT1,
improving the inflow conditions of downstream turbines and
as well theWT2 power. Therefore, the front wind turbines can
find an optimal positive pitch angle.

(4) The overall maximum output power of the tandem twin-rotor
array occurs at a pitch angle of 2°, with a maximum power
value of 6.4648 MW, compared to a slightly lower power
reduction (0.29%) of 6.4463 MW using 0 pitch angle.
However the thrust in the maximum power state is lower:
5% in combined and 14.13% in the front mode (WT1) This
not only reduces the fatigue load, but also benefits the long-
term operation of the wind turbine.

(5) The overall minimum output power of the tandem twin-rotor
array occurs at a pitch angle of −10°, with a minimum power
value of 3.7162MW. Compared with the results at the optimal
pitch angle of 2, the overall output power decreases by 42.5%,
while the overall thrust increases by 27.4%, further indicating
that the wind turbine should avoid the occurrence of the
negative pitch angle.

5.2 Wake velocity contour

Figure 7 shows the wake velocity contour of the tandem twin-
rotor array at hub height with varying WT1’s pitch angles. The
following can be conclude:

(1) When WT1 rotates directly against the inflow direction, a
wake velocity deficit region is formed behind WT1.

Meanwhile, a backward flow propagation expands the
stream tube, which is slightly larger than the diameter of
the wind turbine. When the wake develops to the downstream
turbine position, a severe secondary velocity deficit occurs,
affecting the downstream turbine’s output power and
increasing the power fluctuation and fatigue load.

(2) When the pitch angle is negative (Pitch < 0°), the wake
velocity deficit of WT1 is more severe, indicating that
although the output power of WT1 is reduced due to the
negative pitch angle, the wake effect of WT1 is not weakened
and WT2 is still in a strong wake state (consistent with the
conclusion of the previous section). In addition, the length of
the near wake under the negative pitch angle is shorter, and
the wake’s expansion trend and meandering phenomenon are
more obvious. The instability of the wake increases, and
WT2 stays completely in the mixing region of the wake,
which increases its fatigue stress; it is not conducive to the
long-term operation of the wind turbine.

(3) When the pitch angle is positive (Pitch > 0°), the wake velocity
deficit ofWT1 is reduced compared with a negative pitch angle,
which improves the inflow conditions of WT2 and leads to an
increase in WT2 output power (consistent with the conclusion
in the previous section). Meanwhile, under the positive pitch
angle, the near wake length becomes longer, whereas the wake
expansion trend is weaker and the wake propagates more stably
downstream. That is to say, the downstream turbine is in the
stable region of the wake. Therefore, in order to achieve global
optimization, the optimal positive pitch angle must be found in
the wind farm layout. In addition, as the positive pitch angle
further increases, the meandering phenomenon of the wake
disappears.

5.3 Wake vortex structures

In order to deeply understand the influence mechanism of
upstream turbine wake vortex structure on downstream wake,
the third-generation vortex identification method (Ωnew) is
applied to the wake vortex identification of wind turbine under
pitch strategy for the first time. In the wake analysis, only the optimal
pitch angle of 2° is selected. By comparing the differences in wake
vortex visualization among three different vortex identification
methods (1st generation Vorticity, 2nd generation Q, and 3rd
generation Ωnew), the applicability of the latest third-generation
Ωnew method in turbine wake vortex identification under pitch
strategy is investigated, and the advantages of this method
compared with the previous generation methods are discussed.

The first-generation vortex identification method (Vorticity) is
used to visualize the vortex structure by selecting five different
thresholds, as shown in Figure 8. The following can be seen.

(1) The displayed vortex structure rapidly decreases with
threshold value.

(2) The downstream development of the wake vortex structure of
WT1 is reasonably captured using Vorticity = 0.2, which in
turn affects the inflow condition of WT2.

(3) After repeated debugging of the thresholds, it is found that the
first-generation vortex identification method (Vorticity)
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displays defects. It can only identify a rough outline of the
vortex surface but not the root, tip, strong and weak vortex, in
addition to the vortex shedding and development.

Secondly, by using the second-generation vortex identification
method (Figure 9) the following can be concluded:

(1) It is also necessary to repeatedly adjust different thresholds to
visualize the wake vortex structure, relying significantly on
experience. Likewise, the displayed vortex structure gradually
decreases with threshold.

(2) A Q = 0.0001 leads to a better capture of the blade tip vortex
developing downstream and gradually merging into vortex
surfaces, thereby affecting downstream turbines.

(3) Only the strong vortex structure can be captured as the weak
vortex structure after the vortex surface is broken.

Finally, Figure 10 explores the applicability of Ωnew by selecting
five thresholds near Ωnew = 0.52. It can be stated that.

(1) Visualization of the wake vortex structure does not rely on the
selection of thresholds.

(2) The recommended value (Ωnew = 0.52) is also applicable under
a pitch strategy (Liu et al., 2016).

(3) The process of the blade vortex system developing
downstream and gradually dissipating can be
clearly captured.

(4) The Ωnew method can capture both strong and weak vortexes
simultaneously. The wake vortex of WT1 gradually develops
downstream and interacts with WT2, threby separating the
upstream wake vortex into several (broken) weak vortexes.
This phenomenon cannot be captured by adjusting the
threshold using other methods.

In summary, a comparison of the three different vortex
identification methods reveals the AL-LDS-Ωnew coupling method
provides amore refined vortex structure (strong and weak vortexes) at
a fixed threshold. It is due to the coupling the high-accuracy dynamic
sub-grid scale (SGS) model and the new-generation vortex
identification method (Ωnew). This provides a new approach for
the future refined numerical simulation of the wind farm.

6 Conclusion

In this paper, a refined numerical simulation method (AL-LDS-
Ωnew) for the wind turbine wake is developed by coupling the AL
with a high-accuracy localized dynamic SGS and the third-
generation Ωnew method. The overall wake and performance
characteristics (power and thrust) of the tandem twin-rotor array
are explored by changing the pitch angle of the front turbine WT1
(−10° ~ 10°). The following can be concluded:

(1) When the WT1 is at a negative pitch angle, its power and not
the wake effect decreases. The velocity deficit becomes more
severe and WT2 stays in a strong wake state. Therefore, the
negative pitch angle should be avoided in wind farm
engineering.

(2) Under a negative pitch angle state, the near wake length of
WT1 is shorter, and the wake’s expansion trend and
meandering phenomenon are more obvious. The instability
of the wake increases, and WT2 stays completely in the
mixing region of the wake, increasing its fatigue stress.

(3) When WT1 is at a positive pitch angle, its wake and power
output decreases, improving the inflow conditions of WT2. In
engineering applications, the optimal positive pitch angle
should be selected to reduce farm costs.

(4) At a positive pitch angle state, the near wake length of
WT1 increases, whereas the expansion shortens yet the
downstream development is stable. In other words, the
rear turbine WT2 stays in the stable region of the WT1’s
wake. As the positive pitch angle further increases, the
meandering phenomenon of the wake disappears.

(5) The overall maximum output power of the tandem twin-rotor
array occurs at a pitch angle of 2. Compared to the no-pitch
case, the overall output power increases by 0.29%, and the
thrust decreases: 5% in combined and 14.13% in single (WT1)
state. This reduces the fatigue load of the turbine and is more
conducive to the long-term operation of the turbine.

(6) Regarding the vortex structure, the first-generation method
(Vorticity) captures a rough vortex surface profile, incorrectly
characterizing the environmental flow impact. The second-
generation method (Q) is able to capture the blade vortex
system development and dissipation, but threshold selection
remains difficult. By contrast, the threshold of the third-
generation method (Ωnew) is fixed, thus capturing strong
and broken weak vortexes due to interaction with rear
downstream turbines; this cannot be captured by other
vortex identification methods.

In general, the applicability and advantages of the third-
generation method (Ωnew) in visualizing the wake vortex of the
tandem twin-rotor array are validated using a simple turbine pitch
optimization. Future work should concentrate in wake and
performance optimization, using front and rear pitch-controlled
turbines, as a continuous incentive for pitch control systems in the
wind farm layouts.
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