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Abstract 
For the ultra-high-power IEA 22 MW wind turbine, an actuator line model 
was first developed based on actuator line theory. This model was then inte-
grated into a CFD flow field as a momentum source term for numerical sim-
ulation. Simulations were performed under different wind shear conditions to 
examine how the wind shear exponent affects the wake characteristics and 
power output of the turbine. The findings of this study provide a scientific foun-
dation for wake modeling of ultra-large wind turbines and optimizing wind 
farm design. 
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1. Introduction 

As a crucial part of renewable energy, wind power is drawing increased attention 
amid growing concerns over environmental degradation [1]-[3]. Numerical sim-
ulation and experimental measurement are the main methods used in wind tur-
bine studies, especially actuator models that can simulate wind farms [4] [5]. Shen 
et al. [6] used an actuator line model to numerically study the MEXICO experi-
mental wind turbine. Their results showed that the model could precisely predict 
the wake expansion, vortex radius, circulation, and the axial and tangential wind 
speed distribution of the MEXICO wind turbine. Zhang et al. [7] used the LES 
method to simulate a large wind farm with a regular turbine layout that was aligned 
with the wind direction, and then analyzed the influence of the vertical staggering 
distance. Onel and Tuncer [8] studied wake recovery and power generation eval-
uation for turbines in tandem configurations. Under turbulent inflow, velocity def-
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icits in the wake were mitigated, and the power generation of downstream tur-
bines increased. Tu et al. [9] investigated the aerodynamic effects of yaw control 
on two tandem wind turbines under uniform inflow conditions. They noted that 
when the upstream rotor yawed, the downstream rotor compensated for the power 
loss, but this also increased the cyclic loads experienced by the blades. Parada [10] 
proposed a method to maximize wind farm power and efficiency, proposing that 
regularly arranged wind farms were not optimally positioned due to wake losses. 
Furthermore, it was found that Parada’s approach could improve the average ef-
ficiencies by 4.09%. Zhu et al. [11] employed dynamic mode decomposition (DMD) 
to analyze the vortex system downstream of the rotor, indicating that tower 
shedding vortices accelerate the disintegration of tip vortices and enhance insta-
bility. 

Research on the wake characteristics of the IEA 22 MW wind turbine remains 
limited both domestically and internationally. Investigating its wake behavior and 
power distribution under different wind shear conditions is crucial not only for 
enhancing the overall efficiency of wind farms but also for optimizing turbine op-
eration and minimizing equipment wear. This study, using the actuator line method, 
systematically reveals the wake evolution mechanisms and power distribution of 
the IEA 22 MW ultra-large wind turbine under complex wind shear conditions, 
providing key technical insights to support the future development of the wind 
energy industry. 

2. Numerical Method and Simulation Setup 
2.1. Governing Equation 

The continuity and Navier-Stokes equations for the incompressible fluid are shown 
below: 
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where the terms from right to left in the Navier–Stokes equation represent the forces 
exerted by the rotor of turbine, subgrid scale stress, viscosity stress, pressure, con-
vective, and transient, respectively. In this paper, the commonly used Smagorinsky-
Lilly sub-grid scale (SGS) model for LES is applied. 

2.2. Actuator Line Model 

The body force distributed on the blade is 

( )2
2

1
2D rel l l d dU c C C Fρ= + ⋅f e e                   (3) 

where ρ  is the air density, relU  is the relative inflow velocity in front of the ro-
tor, c  is the chord length, and lC  is the lift coefficient, dC  is the drag coeffi-
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cient. le  and de  are the unit vectors in the directions of lift and drag, respec-
tively. Taking into account the tip loss correction tipF  and root loss correction 

hubF , the overall blade root-tip loss factor F  is calculated using the following 
equations: 

tip hubF F F= ⋅                           (4) 
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here, ( )( )exp 0.125 21 0.1g Bλ= − − + , B  is the number of turbine blades, R  
is the blade tip radius, hubR  is the hub radius, and λ  is the tip speed ratio 
(TSR). 

The Gaussian projection method is applied to smooth the force distribution and 
convert line forces into a body force field, effectively preventing numerical dis-
continuity, 

2Dfε εη= ⊗f                          (7) 

2

3 3 2
1 exp d

εη εε

  = −     π
                    (8) 

where d  is the distance between the grid and the actuator point, and ε  is the 
Gaussian projection width. To avoid numerical oscillations and enhance compu-
tational accuracy, the value of ε  is set to 2∆ . 

Similar to the actuator line model used for the rotor, the nacelle and tower axes 
are divided into several actuator points. The body forces calculated from the na-
celle and tower models are projected using a Gaussian distribution function to sim-
ulate the wakes of the nacelle and tower. When the wind turbine adjusts its yaw, 
the nacelle axis (AL) rotates by the corresponding angle. The body forces of the 
nacelle and tower are defined as: 

2
,

1
2nac nac D nac nacf U C Aρ= −                     (9) 

2
,

1
2tow tow D tow towf U C d dhρ= −                   (10) 

where nacU  is the axial inflow velocity of the nacelle, ,D nacC  is the drag coeffi-
cient of the nacelle, and nacA  is the projected area of the nacelle within its plane 
of rotation. towU  is the axial inflow velocity of the tower, ,D towC  is the drag co-
efficient of the tower, towd  is the diameter of the circular cross-section at the center 
of the tower, and dh  refers to the height of each element of the tower. 

2.3. Simulation Setup 

This study utilizes the IEA 22 MW wind turbine, with its detailed key parameters 
listed in Table 1. 
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Table 1. Properties of IEA 22 MW wind turbine. 

Property Value 

Rated power 22 MW 

Hub height 170 m 

Rotor diameter 284 m 

Hub diameter 8.4 m 

Rated wind speed 11.0 m/s 

Design tip-speed ratio 9.153 

Cut-in wind speed 3 m/s 

Cut-out wind speed 25 m/s 

 
Figure 1 illustrates the computational domain. The wind farm scale is based on 

the diameter ( D ) of the IEA 22 MW wind turbine, with the flow direction (x), 
vertical direction (y), and lateral direction (z) having dimensions of 18 4 5D D D× × , 
respectively. 
 

 

Figure 1. Schematic diagram of computational domain size for IEA 22 MW wind turbines. 
 

All numerical calculations in this study use a Cartesian grid, with grid refinement 
applied around the two rotor regions. Figure 2 illustrates the wake interaction com-
putational grid. The grid points are evenly distributed in the x, y, and z directions. 
Outside of the near-field area, the grid spacing increases at a rate no greater than 
1.1 in the x, y, and z directions. The time step is set at 0.0236 seconds, which cor-
responds to 360 time steps for one full rotation of the blades, satisfying the Courant-
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Friedrichs-Lewy (CFL) condition. 
 

 

Figure 2. Schematic diagram of computational mesh for IEA 22 MW wind turbine. 
 

This study employs the power-law distribution to model the wind shear effect: 

( ) hub
hub

yV y V
y

α
 

=  
 

                     (11) 

where hubV  is the wind speed at hub height, and huby  denotes the hub height. 
The wind shear exponent α  in this study is assigned values of 0.12, 0.15, 0.22, 
and 0.30. The mean incoming wind speed in the turbulent inflow region is 11.0 
m/s, with a turbulence intensity of 6%. In this study, the simulation of the IEA 22 
MW wind turbine runs for 764 seconds, during which the turbine completes about 
90 rotations. 

3. Results 
3.1. Main Wake Characteristics 

Figure 3 presents instantaneous velocity slices in the vertical plane at the wind 
turbine location under varying wind shear exponents. It can be seen that the ve-
locity difference across the rotor plane decreases with height, and this effect be-
comes more pronounced as the wind shear exponent increases. A similar trend is 
observed in the velocity difference above and below the hub center, suggesting 
that as the wind shear exponent increases, the wind energy utilization at the upper 
and lower ends of the rotor becomes more balanced. Additionally, with the influx 
of external airflow, the wake recovery effect is enhanced, causing the velocity def-
icit in the wake to gradually disappear around 1000 mX = . The larger the wind 
shear exponent, the earlier this recovery occurs. 
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Figure 3. Contours of wake velocity. 
 

Figure 4 depicts the vorticity isosurfaces under different wind shear exponents, 
with wake velocity used for coloring. As the wind shear exponent increases, the 
spacing between tip vortices also widens. The axial movement of the tip vortices 
is approximately equal to the local wind speed. Since the top vortices are in a high-
speed region, they travel much faster than the bottom vortices, leading to axial 
stretching of adjacent vortex rings. 
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Figure 4. Vorticity isosurface colored by wake velocity. 
 

Figure 5 presents vorticity slices in the vertical plane at the wind turbine loca-
tion under different wind shear exponents. The tip vortex expansion phenomenon 
can be observed, but it weakens as the wind shear exponent increases. The tip vor-
tices begin to break up around two rotor diameters downstream, with the breakup 
pattern differing between the top and bottom of the rotor, forming a “longer top, 
shorter bottom” effect. This occurs because the stronger momentum replenish-
ment in the high-speed flow at the top enhances wake recovery. However, the top 
vortices are more intense, leading to a deeper velocity deficit and a longer recovery 
distance. Meanwhile, at the bottom, the momentum difference between the low-
speed ambient flow and the wake is smaller, promoting faster turbulence mixing 
and accelerating wake recovery, causing the vortex structures to break up ear-
lier. 

Figure 6 shows the vertical profiles of dimensionless axial velocity at different 
downstream positions under various wind shear indices. At the near-wake posi-
tion ( 1X D= ), the wind turbine velocity profile exhibits asymmetry due to the 
combined effects of wind shear inflow and tower shadow effects. The velocity pro-
files under all wind shear indices display a bow-shaped pattern, with smaller ve-
locity deficits observed in the upper rotor height region under lower wind shear 
indices. At the 3X D=  position, the wake of the IEA 22 MW wind turbine re-
sides in the wake interaction zone. The velocity deficit within the rotor plane height 
range shows further intensification. At the 5X D=  position, the influence of tower 
drag diminishes, and the wake velocity begins to recover progressively, showing ap-
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proximately 30% velocity increase at hub height. At the 7X D=  position, com-
pared with the 5X D=  position, the wake velocity demonstrates an additional 
20% increase in recovery magnitude. 

 

 

Figure 5. Contours of vorticity. 

3.2. Power Generations 

Figure 7 shows the distribution of wind turbine power under different wind shear 
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exponents. As the wind shear exponent increases from 0.12 to 0.15, there is no 
significant rise in power; instead, a slight decrease is observed. However, when the 
exponent increases from 0.15 to 0.22, the turbine’s power output sees a moderate 
increase. As the wind shear exponent further rises from 0.22 to 0.30, the rate of 
power growth becomes noticeably faster. 
 

 

Figure 6. Vertical profiles of dimensionless axial velocity at different downstream positions under various wind shear indi-
ces. 

 

 

Figure 7. Comparison of power at different wind shear exponents. 

4. Conclusions 

This study, using ALM and LES methods, explores the effects of yaw angles on the 
wake characteristics and power output of tandem wind turbines. The key conclu-
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sions are as follows: 
Higher wind shear exponents result in faster wake recovery and increased spac-

ing between tip vortices. 
The expansion of tip vortices weakens as the wind shear exponent increases, 

with vortex breakdown occurring around two rotor diameters downstream. The tip 
vortices show an “elongated top, shortened bottom” pattern. 

When the wind shear exponent increases from 0.12 to 0.15, wind turbine power 
experiences a slight decrease. However, as the exponent continues to rise, the overall 
energy extracted from the incoming flow increases. At a wind shear exponent of 
0.30, power output is approximately 3% higher than at 0.12, corresponding to an 
absolute power increase of 613 KW. 
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