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Abstract

This paper investigates the characteristics of turbine wake which is the major factor

determining the turbulence in wind farm and overall wind farm performance. Using

the lattice Boltzmann method (LBM) and the large eddy simulation (LES) approach,

dynamic simulations of detailed fluid flow and wake trajectory induced by the MEX-

ICO wind turbine were carried out. Moreover, with the help of adaptive mesh refine-

ment (AMR) method, the lattice units were allowed to be automatically refined to

allocate more grid points on the solid walls and in the wake region. The simulation

results were firstly compared with the experimental data for validation of the

numerical model, as well as for investigation of the impact of sub-grid scale (SGS) tur-

bulence models. Within the present modeling framework, the characteristics of

transient wake propagation, detailed flow field, and rotor-tower interaction were

investigated, and the effect of tip-speed ratio was also analyzed. The present work

indicates that, with a suitable SGS turbulence model, the LBM-LES method is an

effective way for dynamic simulations of wake structures induced by a wind turbine

with a rotating rotor.
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1 | INTRODUCTION

The wake of wind turbine is the major factor determining the turbulence in wind farm which causes load fluctuations, fatigue of turbines, low fre-

quency noise, reductions of overall wind farm performance, etc. For the investigation of wake characteristics, though many high-quality

experiments have been carried out, numerical simulation is still a good tool to obtain more detailed information. Due to the complexity of the

aerodynamics of rotating wind turbine rotor, a full-scale dynamic simulation is definitely challenging and bound to cost a large amount of

computational resources. Thus, an efficient methodology is strongly needed for a comprehensive investigation of the characteristics of wind

turbine wakes.

[Correction added on 10 October 2020, after first online publication: URL for peer review history has been corrected.]
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The computational fluid dynamics (CFD) method governed by the Navier–Stokes equations is a straightforward way to predict the flow field

around a wind turbine. However, the computations using full-scale unsteady numerical methods would cost a large amount of computational

resources. Most recently, Cai et al.1 performed a transient aerodynamics simulation of a full-scale horizontal axis wind turbine using a CFD meth-

odology. A structured separated mesh of both stationary part and moving part was established and the sliding mesh technique was used to simu-

late the rotor rotation. Dose et al.2 investigated the effect of blade deformation on the simulation results of flow field and aerodynamic

performance, within the modeling framework developed by coupling the CFD tool box OpenFOAM and a structure non-linear beam solver. The

work was quite comprehensive as the fluid–structure interaction was taken into account. Sedaghatizadeh et al.3 simulated wind turbine wakes

using the large eddy simulation (LES) approach for producing accurate and detailed information about the flow field as well as the wake develop-

ment. In the above-mentioned studies considered the full wind turbine, one of the most challenging issues was the mesh generation and dealing

with the rotating rotor in the computational domain. A mesh motion or frame motion approach on the mesh around the rotor was usually used to

treat the rotor rotation, and in this case, an interface between the rotational region and outside region was inescapable. On the other side, the

overset grid method was also available to deal with the rotor rotation as demonstrated by Zahle et al.,4 Li et al.,5 Schulz et al.,6 and so on. Good

agreements of results regarding the transient flow field and wake characteristics were obtained. However, a complex mesh should also be care-

fully generated and the data transformation between different regions would make deviations. For capturing the wake trajectory, fine grids were

usually employed in advance for the possible wake region. But the disordered wake structure might mismatch the pre-defined mesh. Thus, for the

numerical simulation of wind turbine wakes, a modeling framework which can easily or automatically deal with the mesh or spatial discretization

is urgently needed.

As a simplified method to deal with the rotating rotor and predict the wind turbine wake, the actuator disc (AD) model for replacing the rotor

with a body force was proposed.7 Sørensen et al.8,9 early performed numerical simulations of rotor aerodynamics using the AD model coupled

with solving Euler or Navier–Stokes equations to investigate the suitability and accuracy of the numerical algorithm. Recently, Behrouzifar and

Darbandi10 noted that the grid thickness could play a serious role in the AD model and proposed an improved AD model, which took into account

the real blade thickness, to simulate the wake of a horizontal axis wind turbine. Nedjari et al.11 investigated the ground effects on the wake using

the AD model coupled with the Reynolds-averaged Navier–Stokes (RANS) equations. Also, the AD model was implemented for simulations of

wakes in large wind farms as it was less computationally expensive.12 But for a detailed investigation into the wake characteristics, the AD model

was quite simplified, and its suitability should be carefully considered. Moreover, the actuator line (AL) model13,14 was also proposed for more

comprehensive and realistic simulations as compared with the AD model, especially for unsteady flow features. Using the AL model, the 3D tran-

sient flow field could be simulated by representing the turbine blades using body forces distributed along rotating lines. Nowadays, numerous

simulations15–19 were performed by gathering the AL model and the LES approach, among others, Qian et al.15 simulated the wake propagation,

and accurate numerical predictions were achieved for both the mean and unsteady flow characteristics. With the AL model, results close to

blade-resolved simulations could be obtained and it becomes popular for the unsteady wake analysis. But the problem is still that the full-scale

simulation of wakes requires a large amount of computational resources and the static mesh might mismatch the wake propagation.

For turbulence modeling, it is acknowledged that RANS models are suitable for industrial engineering uses, especially when the information

of mean flow and statistics on power are desired,20 such as the prediction of far wake region10 and investigating the effect of terrain.11 But to

comprehend the physics of detailed flows, aerodynamics and wake characteristics, a more sophisticated technique, which resolves eddies in dif-

ferent scales, at least those relevant to wake propagation, is needed. The direct numerical simulation (DNS) is a comprehensive technique which

solves the Navier–Stokes equations without any turbulence model and resolves all eddies. Due to the large scale difference in high Reynolds num-

ber flows such as that around wind turbines, it is unfortunately unavailable to employ the DNS so far. As an alternative method, the LES approach

that permits a certain amount of eddies to be modeled and resolves the rest by the filtered Navier–Stokes equations is considered practicable.

Over the recent years, the LES technique has facilitated the study of wind turbine aerodynamics and even wind farm aerodynamics.3,12,14–19 A

review of LES investigations of wind farm aerodynamics was also done by Mehta et al.,20 and it was noted that the LES could help resolving more

phenomena and improving engineering models.

In recent years, Ilio et al.21 adopted the lattice Boltzmann method (LBM) for the simulations of flow fields around a NACA 0012 airfoil at

Reynolds numbers range from 103 to 104, and good agreements were obtained. Trunk et al.22 simulated the flow around 3D arbitrarily shaped

dropping particles using the LBM, and it showed that the method was good for complex and moving geometries. Moreover, it is known that the

immersed boundary method (IBM) has been popular in modeling and simulating problems involving the interaction of a flexible structure and a vis-

cous incompressible fluid. Chen et al.23 compared the bounce-back schemes and immersed boundary ones for treating solid boundaries. It was

mentioned that the LBM could handle the boundary walls naturally because that mesoscopic particles could bounce back from the boundary walls

to the fluid field. From the comparison, it showed that the bounce-back scheme was more accurate than the IBM. All in all, it was found that the

LBM could easily deal with problems containing complex geometries. For this reason, the interaction between the wind turbine and the air around

it could be suitably simulated by the LBM. Recently, Deiterding and Wood24 successfully performed transient simulations of flow fields of the

MEXICO turbine and Vestas V27 turbines, good agreements and comprehensive wake characteristics in the array consisting of three Vestas V27

turbines were obtained. The work proved that the approach was well suited for propagating wake structures, and it could be expected that the

method would be popular if its computational accuracy could be further improved such as the turbulence modeling.
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The present work aims to present a comprehensive investigation into the wake characteristics behind a horizontal axis wind turbine. Consid-

ering the above-mentioned disadvantages of the methods relying on computational meshes, a modeling framework based on the LBM is

employed with incorporating the LES approach. The detailed flow field and wake evolution induced by the MEXICO wind turbine is taken into

account. The adaptive mesh refinement (AMR) method is also used for a relative high-resolution of turbine geometry and wake structures. Within

the present modeling framework, dynamic simulations of fluid flow and wake propagation under different conditions are performed. The experi-

mental data25,26 from the projects of MEXICO and new MEXICO are used for model validation, and the wake characteristics as well as the veloc-

ity evolution behind the turbine are also investigated. Moreover, the accuracy and suitability of different sub-grid scale (SGS) turbulence models

are evaluated.

2 | NUMERICAL METHODOLOGY

2.1 | Lattice Boltzmann method

Based on solving the Boltzmann transport equation for the time rate of change of the particle distribution function, the LBM is regarded as a

mesoscopic approach for modeling macroscopic dynamical phenomena.27–29 Also, the Navier–Stokes equations can be recovered from the lattice

Boltzmann equation.30 Over the last two decades, much effort was made to improve the satisfaction of this method incorporating with LES for

simulating turbulent flows.31–34 Starting from the lattice Boltzmann equation:

f x+ eΔt,t+Δtð Þ−f x,tð Þ=Ω+F, ð1Þ

where f represents the density distribution function, x and t, respectively, represent the space and the time, e is the microscopic velocities, and F

denotes the body force which is ignored as a uniform forcing field is assumed. Ω is called the collision term, for which several models exist and dif-

fer from each other by different ways simplifying the collision term. The multiple relaxation time (MRT) model35–37 which has advantages in accu-

racy and numerical stability is selected and can be expressed by

Ω= −M−1S m x,tð Þ−meq x,tð Þ½ �: ð2Þ

In the D3Q27 model for 3D cases considering all the directions, it is assumed that each computation node has 27 directions as shown in Figure 1.

In this case, the distribution function f = (f0, f1,…, f26)
T and the microscopic velocities e can be given as

eα =

0,0,0ð Þ,α=0
c �1,0,0ð Þ,c 0, �1,0ð Þ,c 0,0,�1ð Þ,α=1,2,…,6

c �1,�1,0ð Þ,c �1,0,�1ð Þ,c 0,�1,�1ð Þ,α=7,8,…,18

c �1,�1,�1ð Þ,α=19,20,…,26

8>>><
>>>:

, ð3Þ

where c is the lattice speed which is related to the sound speed cs:

F IGURE 1 D3Q27 model [Colour figure can be viewed at
wileyonlinelibrary.com]
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c2 = 3c2s : ð4Þ

For each direction, Equation 1 can be changed to

fα x+ eαΔt,t+Δtð Þ− fα x,tð Þ=Ωα,α= 0,1,…,26, ð5Þ

where Ωα can be written as

Ωα = −M−1S mα x,tð Þ−mα
eq x,tð Þ½ �,α=0,1,…,26, ð6Þ

where mα(x,t) and mα
eq(x,t) are the moment and its equilibrium function, respectively. S is a diagonal matrix called the collision matrix, and M is a

27 × 27 matrix which linearly transforms the distribution function to the moment:

mα x,tð Þ=M�fα x,tð Þ: ð7Þ

The determination of parameters ofM and S can be found in several studies.38,39 The equilibrium moment is also obtained as mα
eq(x,t) =M � fαeq(x,t)

where fα
eq(x,t) is expressed as

fα
eq x,tð Þ= ρωα 1 +

eα�u
c2s

+
eα�uð Þ2−c2s uj j2

2c4s

" #
, ð8Þ

where u is the velocity, ρ represents the density, and ωα is the density weighting factors:

ωα =

8=27,α=0

2=27,α=1,2,…,6

1=54,α=7,8,…,18

1=216,α= 19,20,…,26

8>>><
>>>:

: ð9Þ

Finally, in the LBM, the macroscopic parameters are derived from the density distribution functions as

ρ=
X
α

fα x,tð Þ,ρu=
X
α

fα x,tð Þ�eα,p= c2ρ: ð10Þ

The kinematic viscosity ν is related to the relaxation parameter sν in collision matrix corresponding to the kinetic energy:

ν= c2s
1
sν
−
1
2

� �
Δt: ð11Þ

The determination of the relaxation parameters can also be found in previous studies.38–40

2.2 | Large Eddy simulation

For turbulent flows, the LBM supports the LES with different SGS eddy viscosity models. To simulate large-scale resolved flows at a high Reyn-

olds number, a spacing filtering operation noted with̄ is introduced to separate out large-scale eddies, and the SGS stress can be modeled as.41

τij−
δij
3
τkk = −2νSGS�Sij, ð12Þ

where νSGS represents the SGS eddy-viscosity, and the total viscosity can be written as the sum of molecular viscosity and SGS eddy-viscosity:

ν = νr+νSGS, τij is the sub-grid Reynolds stress: τij = �uiuj−�ui�uj , δij is the Kronecker delta, and �Sij is the filtered strain rate tensor expressed as

LI ET AL. 119



�Sij =
1
2

∂�ui
∂xj

+
∂�uj
∂xi

� �
: ð13Þ

There exists different SGS models for modeling the SGS eddy-viscosity. In order to investigate the performance of different SGS models, the pre-

sent work employs the Smagorinsky (simplified as SM) model, dynamic Smagorinsky (DSM) model, and wall adapting local eddy-viscosity (WALE)

model for simulations. In the SM model, the SGS eddy-viscosity is expressed as

νSGS = CSΔð Þ2 �S
�� ��, ð14Þ

where �S is calculated as �S=
ffiffiffiffiffiffiffiffiffiffiffiffi
2�Sij�Sij

q
, Δ denotes the filter width and CS is the Smagorinsky constant which is set to 0.12.42 In the LBM, the compo-

nents of the filtered strain rate tensor can be locally expressed without involving any additional finite difference calculations by using the second

moment of the filtered density distribution functions, which can be referred to the previous works.32,43

The DSM model is an improvement from the original SM model, which is based on an innovation using a second test-grid filter to dynamically

extract modelling the information from the resolved scales of motion in order to determine the model coefficient CS.
44–46 The details are

omitted here.

In the WALE model, the SGS eddy-viscosity is expressed as follows:

νSGS =CWΔ2
�S
d
ij
�S
d
ij

� �3=2
�Sij�Sij
� 	5=2 �S

d
ij
�S
d
ij

� �5=4 , ð15Þ

where CW is a model constant for which 0.2 is used, �S
d
ij is written as

�S
d
ij =

1
2

∂�ui
∂xj

� �2

+
∂�uj
∂xi

� �2
 !

−
δij
3

∂�uk
∂xk

� �2

: ð16Þ

2.3 | Adaptive mesh refinement

Using the LBM, the calculation domain is automatically divided into lattices, and the precision of physical boundary and flow characteristics

depends on the size of lattices. If the wind turbine is composed of a large number of fine lattices, the boundary is smooth, and the computation of

hydrodynamic forces is accurate, so are the characteristics of flow fields. To the boundaries of the wind turbine, the bounce-back boundary condi-

tion is allocated, which is a straightforward way for both static and moving boundaries. In this way, boundary nodes are in general the fluid nodes

next to the solid nodes, and the solid boundary is located in between. Details of the method treating with the boundary can be found from the

study by Chen et al.23 Because the present work especially focuses on the wake characteristics, the AMR method,47 considered as an efficient

way for dynamically allocating fine grids only to the places of concern, is used to improve the simulation precision of blades and wake characteris-

tics. For a clear illustration, the octree structured lattice distribution around the wind turbine blade and the wake is sketched as seen in Figure 2.

The AMR is achieved through the octree lattice structure which offers the possibility to use a non-uniform lattice structure, and therefore

have different spatial scales at different locations of the fluid domain. The grid width is chosen to be the filter length in the LES computation and

the grids are dynamically refined in the wake region characterized by the vorticity magnitude. Thus, eddies of the flow those relevant to wake

evolution can be comprehensively resolved. The lattice structure is organized as an octree structure. The refined grids and the coarse grids live on

different space and time scales. This is particularly efficient as the ratio of space to time is maintained in the entire fluid domain, thus ensuring a

constant Courant–Friedrichs–Lewy (CFL) condition and speed of sound at any location of the fluid domain. Moreover, an interpolation scheme is

also needed to communicate between grids on different levels, and details can be found in Yuan et al.48

3 | NUMERICAL DETAILS

The MEXICO experimental wind turbine is an instrumented three bladed horizontal axis machine, with a 4.5 m rotor diameter, for which the simu-

lations are performed in the present work. It was tested in the German-Dutch DNW wind tunnel, and a large amount of experimental data was

recorded under a variety of operating conditions as seen in the report (2012),25 which is for the first MEXICO experiment held in 2006. Next,

120 LI ET AL.



further measurements made in the new MEXICO experiment held in 2014 were reported26 for the improvement and completion of the database.

Compared with the MEXICO experiment, the new MEXICO experiment did the calibration, tested different roughness applications for the out-

board region, and performed nontripped measurements. The present work employs both results from the MEXICO and new MEXICO experiments

for validation and investigation using the data under similar conditions.

In this study, three cases corresponding to three different wind speeds (u∞ = 10, 15, and 24 m/s; tip-speed ratio: λ = 10, 6.67, and 4.17,

respectively), which represent the turbulent wake state, design condition, and separated flow condition, are considered. The remaining operating

conditions in the present simulations are a yaw angle of 0�, a pitch angle of −2.3�, and a rotation speed of 424.5 rpm. Three different aerodynamic

profiles (DU91-W2-250, RISØ-A1-21, and NACA 64-418) were used in the blade design. The DU91-W2-250 airfoil was applied from 20% to

45.6% span, the RISØ-A1-21 airfoil was from 54.4% to 65.6% span, and the NACA 64-418 airfoil was on the outboard from 74.4% span.25,49 The

areas in between are transitional zones. According to the Mexnext-III final report,50 the RISØ-A2-21 profile was actually used rather than the

RISØ-A1-21, which would lead to possible deviations between the experiment and the present simulation. Moreover, simulations using the RISØ-

A1-21 profile24 were also performed, and fair agreements were obtained. Thus, the discrepancy may be limited. The experimental wind turbine

and the geometry used for the present work are shown in Figure 3. Moreover, it is important to mention that both geometry and measured results

have been obtained by scanning the plots from previously published papers.

F IGURE 2 (A) Sketch of lattice distribution
around the blade and wake using the adaptive
mesh refinement (AMR) and (B) lattice structure
[Colour figure can be viewed at wileyonlinelibrary.
com]

F IGURE 3 (A) MEXICO wind turbine in
experiment25; (B) 3D geometry of the turbine
[Colour figure can be viewed at wileyonlinelibrary.
com]
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The wind tunnel for computations in the present work is 80 × 15 × 15 m, which is enlarged compared with the experiment (The turbine is

placed in an open 9.5 × 9.5 m jet configuration with a measurement section of 20 m in length. The rotor plane of the turbine is located 7 m down-

stream of the nozzle and 13 m upstream of the collector). The turbine is also placed 7 m downstream of the inlet in simulations. The inlet is set as

velocity inlet without turbulence because it is mentioned that the turbulence intensity is estimated below 0.4% in the experiment. The outlet is

set at atmospheric pressure; the ground is set as no slip wall, and the other boundaries are set as symmetry. The maximum size of lattice in the

domain is set 1.0 m, and the maximum adaptive level is set 5, so as to allocate fine lattices (1.0 m/25 = 0.03125 m) for the wind turbine surface

and the wake region. Actually, the lattice size on the blades is still too large to resolve the flow around the blades; thus, the present work is actu-

ally not the usual LES. But for the benefit of the present modeling framework, the lattices can be easily refined to achieve a precise simulation,

which is also the main purpose to propose the current methodology. Future works should be done for investigations on the grid resolution. More-

over, the strips are not considered, and the boundaries of the wind turbine are set as no-slip walls. The present simulations were done using a HP

workstation with two E5-2683V4 CPUs including 32 cores. Each simulation using 20 cores took about 10 days for a physical time of 25 s.

4 | RESULTS AND DISCUSSION

4.1 | Transient wake propagation

First of all, the transient flow field evolution and the wake propagation are intently presented here. Figure 4 displays the contours of velocity mag-

nitude on the vertical cut plane (y = 0) at the instants of 0.5, 1.0, and 2.0 s, under the separated flow condition u∞ = 24 m/s (λ = 4.17). The SGS

model used in the simulation is the WALE model. As seen from the velocity field behind the wind turbine, turbulence is induced and transported

from the near wake region to the far wake region. During this process, the total number of elements shown in the figure is increased from

8 211 746 to 14 612 308, due to that the lattices are automatically refined to precisely capture the wake structure. The vorticity magnitude is

F IGURE 4 Contours of
velocity magnitude on the central
cut plane (y = 0) at instants of
(A) 0.5 s, (B) 1.0 s, and (C) 2.0 s,
when u∞ = 24 m/s (λ = 4.17)
[Colour figure can be viewed at
wileyonlinelibrary.com]
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used as the indicator for the AMR and the refinement is done for every time step, so that the grids in the region where the vorticity magnitude is

high are dynamically refined, and the solution of wake propagation is relatively accurate.

As seen in the wake region, the vortex tubes are generated behind the lower part of the tower which is a Karman vortex street like phenome-

non, but the vortex shedding becomes disordered when it interacts with vortices caused by the rotor. In the early stage, the reduction of axial

velocity and the interaction between the tower vortex street and the blade tip vortices seem to cause a roll-up and stretching of the vortex street.

As the rotor and tower wakes interact further downstream, a greater destabilization of the turbine wake is caused.

To get a more detailed insight into the wake propagation and how the lattices are distributed, the lattice distribution and the contour of vor-

ticity magnitude in the vertical cut plane are shown in Figure 5. The instants are also 0.5, 1.0, and 2.0 s. An enlarged figure is presented to clearly

show the lattice structure. It can be found that the adaptive refinement algorithm is dependent on the vorticity field. Moreover, the rotating rotor

causes a high-turbulence intensity just behind the blade, which does not differ significantly in the radial direction in the near wake region. Further-

more, the blade tip vortex in the upper part is observed in the downstream, whereas that in the lower part is indistinctive due to the interaction

with the wake of tower. After the refinement, it is seen that the wake region and the surface of wind turbine are both filled with the finest grids

of which the size is 0.03125 m.

To make an intuitive display of the wake characteristics, the 3D wake evolution from the beginning to the stable state is shown in Figure 6.

The instants are from 0.4 to 2.8 s with an interval of 0.4 s. The number of elements rises from 6 493 862 to 15 070 255 from 0.4 to 2.4 s and

maintains the value about 15 038 thousands after 2.4 s, which is because the wake captured achieves a stable configuration after that time. The

wake induced by the blades is relatively high especially in the tip region, and it is found to have a visibly strong influence on the tower vortex

shedding, causing a difference in the tower wake structure on the upper and lower parts. It can be seen that the vortex street is better-preserved

in the lower part and transport downstream further.

F IGURE 5 Lattice distribution and
vorticity magnitude in the central cut
plane (y = 0) at instants of (A) 0.5 s,
(B) 1.0 s, and (C) 2.0 s, when u∞ = 24 m/s
(λ = 4.17) [Colour figure can be viewed at
wileyonlinelibrary.com]
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4.2 | Model validation and effect of SGS models

As the LBM is not popular for simulating flows around wind turbines, this study aims to evaluate the suitability and accuracy of the modeling

framework incorporating with different SGS models. Firstly, the pressure distribution along the blade surface is taken into account. The experi-

mental report25 provided the pressure distribution at different places on the blade for different conditions. As comparisons will be further carried

out, just the design condition that u∞ = 15 m/s and λ = 6.67 is taken here. The pressure distributions at three different places along the radial

direction, respectively at 35% R, 60% R, and 92% R, are plotted in Figure 7. As mentioned above, the present work is based on a relative coarse

grid resolution, and a limited number of grid points around the blade is obtained. From the pressure distribution results using different SGS

models, it is found that they differ a little from each other, whereas the SM model and DSM model calculate a bit larger pressure increment and

drop than the WALE model. As the present work mainly pays attention to the large-scale wake propagation, the most important thing to get a cor-

rect wake is to have the overall blade loading correct. From the comparison, a reasonable agreement can be found, but further works are still

needed for a precise calculation of flow and forces around the blades. An investigation on grid sensitivity for LES is difficult but will be carried out

later when a better computing resource is available.

Furthermore, the time-averaged fields are also evaluated during the simulations. The algorithm for averaging is activated after 2.0 s when the

wake is relatively fully developed. The time-averaged velocity field with u∞ = 15 m/s and the data samples for model validation are displayed in

Figure 8. The axial traverses are performed at a midboard span (r = 1.4 m) and an outboard span (r = 1.8 m) location at 270� (9 o'clock) in the

experiment. For the present model validation, the data at r = 1.4 m are chosen and compared with the numerical predictions, which is sampled

and averaged at the lines from upstream (x = −6 m) to downstream (x = 6 m) as shown in Figure 8. As well as to investigate the effect of SGS

F IGURE 6 Wake evolution in 3D at different instants: (A)–(H) 0.4 s–3.2 s with an interval of 0.4 s, when u∞ = 24 m/s (λ = 4.17) [Colour figure
can be viewed at wileyonlinelibrary.com]
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models on the simulation of wake characteristics, the results calculated using the three SGS models (SM, DSM and WALE) as mentioned above

are gathered for comparison.

The axial and radial velocity evolutions under the conditions of u∞ = 10, 15, and 24 m/s corresponding to the turbulent wake state, design

condition and separated flow condition are respectively provided in Figures 9 to 11. The results of the three different SGS models (SM, DSM, and

WALE) are plotted together. It can be observed that, for the turbulent wake state, the axial velocity is over predicted in the upstream and near

wake regions, and the radial velocity is also overestimated in the near wake region. Moreover, the results obtained by different SGS models are

similar to each other.

In the design condition, as seen in Figure 10, the simulation results are found to agree better with the experimental data than that in the tur-

bulent wake state. Besides, the axial velocity measured in the new MEXICO experiment is a bit larger than the old one. It can be observed that

F IGURE 7 (A) Pressure distribution on the plane at 35% R and comparison of pressure distribution on the blade surface between
experiment25 and present simulation at (B) 35% R, (C) 60% R, and (D) 92% R [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Time-averaged velocity field and
data samples for validation [Colour figure can be
viewed at wileyonlinelibrary.com]
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the result predicted by the WALE model is found to perform better than the SM and DSM models and agrees quite well with the new MEXICO

experiment.

When the inflow velocity is 24 m/s which is corresponding to the separated flow condition, as shown in Figure 11, the models of SM and

DSM predict similar results that the axial velocity is higher than and evidently deviates from the experimental data in the near wake region. The

maximum deviation of the axial velocity in the range of x = 2 to x = 6 is about 10%. As seen from the results of the WALE model, they are found

to fit better with the experimental data. The reason may be that the WALE model introduces an additional viscosity called turbulent eddy

F IGURE 9 Comparison of (A) axial and (B) radial velocities between experiment25,26 and simulation (u∞ = 10 m/s) [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 10 Comparison of (A) axial and (B) radial velocities between experiment25,26 and simulation (u∞ = 15 m/s) [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 11 Comparison of (A) axial and (B) radial velocities between experiment25,26 and simulation (u∞ = 24 m/s) [Colour figure can be
viewed at wileyonlinelibrary.com]
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viscosity to model the SGS turbulence, so that it can provide a consistent local eddy-viscosity and near wall behavior especially for complex geom-

etries.51 From the present simulation, it can be concluded that for a lower tip-speed ratio and a more separated flow, the SM and DSM models

would produce a relatively high deviation and the WALE model would perform better.

To get an insight into the mechanisms about how deviations and differences among the predictions by different SGS models are generated,

the vorticity magnitude displayed both in 3D and on slices (y = 0) are provided in Figure 12. It can be found out that, in the radial direction, the

vorticity magnitude in the mid region of blade predicted by the SM and DSM models dissipates more quickly in the downstream than that in the

tip region. Thus, the axial velocity at the midboard span predicted by the SM and DSM models recovers to some extent in the downstream.

On the other hand, the WALE model predicts higher values of vorticity magnitude in the near wake region and the distribution of vorticity

magnitude in the radial direction is more homogeneous; therefore, the predicted axial velocity is also smaller in the downstream as compared with

the predictions by the SM and DSM models. Moreover, the vorticity induced by the nacelle and tower predicted by the WALE model is higher,

making the wake in the lower part propagates far to the downstream. The reason is also the fact that a turbulent eddy viscosity is introduced to

deal with the turbulence in the WALE model, making the WALE model perform better in the near wall region for separated flow conditions com-

pared with the SM and DSM models.

4.3 | Effect of tip-speed ratio

As mentioned above, the present work takes three cases corresponding to three different tip-speed ratios (10, 6.67, and 4.17) into consideration.

Figure 13 shows the fields of vorticity magnitude under the three conditions. It can be observed that, with a high tip-speed ratio, vortex clusters are

around the tip and root of blade. The tip vortices are the main part of the wake and transport downward from the blade. It is also found that the tip

vortices in the upper part transport further than that in the lower part, which is because that the interference of the tower leads to the dissipation of

vortices.

With decreasing the tip-speed ratio, the vorticity around the middle of blade increases, and the vorticity magnitude behind the nacelle and

tower also increases because of the increasing inflow velocity, leading to the increment of turbulence intensity behind the turbine. Besides, the

trajectory of tip vortices decreases with decreasing the tip-speed ratio, which might because of the interaction with the vortices induced by other

parts of the wind turbine. With a higher inflow velocity, the Karman vortex street like phenomenon also becomes more intense. The main part of

the wake is no longer the tip vortices and becomes the vortex street induced by the tower when the tip-speed ratio is 4.17.

F IGURE 12 Fields of vorticity magnitude simulated by three different sub-grid scale (SGS) models: (A) Smagorinsky (SM), (B) dynamic
Smagorinsky (DSM), and (C) wall adapting local eddy-viscosity (WALE) (u∞ = 24 m/s, t = 10 s) [Colour figure can be viewed at wileyonlinelibrary.
com]
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F IGURE 13 Fields of vorticity magnitude under different conditions: (A) λ = 10, (B) λ = 6.67, and (C) λ = 4.17 (t = 20 s) [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 14 Normalized velocity fields in the
wake region under different conditions: (A) λ = 10,
(B) λ = 6.67, and (C) λ = 4.17 (t = 20 s) [Colour
figure can be viewed at wileyonlinelibrary.com]
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As shown in Figure 14, the normalized velocity fields of the three cases are made in the cut plane at the center of y coordinate (y = 0) to

investigate the velocity evolution in the wake region behind the wind turbine. Comparing with the incoming flow, the velocity behind the rotor in

the near wake region reduces more obviously with a higher tip-speed ratio. It is because that the rotor can change the inflow to other directions.

As the rotation speed is the same, when the velocity of inflow is lower, the reduction of the velocity behind the rotor is affirmatively larger.

To investigate the velocity recovery in the downstream region, the time-averaged normalized axial velocities on the lines in the y direction

(horizontal cross flow direction) at different positions (2D, 4D, and 6D behind the rotor center) are plotted in Figure 15. It can be found that the

axial velocity in the near wake region is close to zero when the tip-speed ratio is 10 because most of the momentum is changed to other compo-

nents. To evaluate the accuracy of the calculated velocity fields, the data from Nilsson et al.52 are used for comparison, but only the data for

λ = 10 and λ = 6.67 within 2D behind the rotor is available. From the comparison, although a relatively big discrepancy of velocity distribution

when λ = 10 is got, the accuracy of the calculated velocity fields is acceptable.

With decreasing the tip-speed ratio, the ratio of the axial velocity to the inflow velocity ux/u∞ in the near wake region (within 4D) increases.

But as seen in the curves at the position of 6D, the values of ux/u∞ under the conditions of turbulent wake and separated flow (λ = 10 and

λ = 4.17) are larger than that in the design condition (λ = 6.67). It is found that the axial velocities in the center of the wake (y = 0) are respectively

73%, 51%, and 74% of the inflow velocity when λ = 10, 6.67, and 4.17.

As seen from the curves in Figure 15, we can also notice that the curves are not symmetric around the center of rotor. It is found that the

axial velocity on the right-hand side from the front view is lower than that on the left-hand side. To understand the underlying mechanisms, simu-

lations with and without considering the nacelle and tower are also performed in the present work for the design condition. Figure 16 plots the

curves of time-averaged normalized axial velocity along the central horizontal lines behind the rotor. The curves indicate that without considering

the nacelle and tower, the velocity distribution behind the rotor is symmetric around the rotor center, while taking them into consideration, the

reduction of axial velocity increases and that the reduction on the right-hand side is more than that on the left-hand side. Thus, it can be con-

cluded that the tower causes the asymmetric distribution of velocity in the wake region.

For a more detailed investigation into the interaction between the rotor and tower wakes, the velocity fields with and without considering

the tower at different instants from the top view are shown in Figure 17. From the result considering the tower after 2 s, a region with lower

velocities (as marked in the figure) on the right-hand side behind the tower is found, and it is transporting to the downstream in the wake region.

The underlying mechanism is that the rotor induced a rotating velocity which can be arrested by the tower, causing a pressure rise and a flow

F IGURE 15 Time-averaged normalized axial velocity profiles behind the rotor center under different conditions: (A) λ = 10, (B) λ = 6.67, and
(C) λ = 4.17 (the experimental data are from Nilsson et al.52) [Colour figure can be viewed at wileyonlinelibrary.com]
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stagnation on the right-hand side of the tower (clockwise rotation). On the left-hand side, the rotating velocity is attenuated by the tower, which

makes the axial velocity recover more easily. Thus, an asymmetric distribution of the axial velocity which is lower on the right-hand side than that

on the left-hand side is found. The differences between the wakes of rotor and tower are much more complicated than we can explain in this

work, such as that in the expansion, the decay of the tip vortex and so on. Future works focusing on this issue may be interesting.

5 | CONCLUSIONS

The present work, employing the LBM method together with the LES approach, carried out an investigation into the wake characteristics induced

by the MEXICO wind turbine, whereas the resolution of blades was relatively coarse. The transient flow field and wake propagation induced by

the turbine were simulated, and reasonable agreements were obtained. The methodology was found suitable for dealing with the complex bound-

aries and rotating rotors of wind turbines, but further works should be done for investigating the effect of grid resolution. Conclusions can be

drawn as follows:

F IGURE 17 Evolution of velocity field in the horizontal plane across the center axis at different instants (A)–(C) with and (D)–(F) without

considering tower (λ = 6.67) [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 16 Time-averaged normalized axial velocity curves at
different positions from simulations with and without tower (λ = 6.67)
[Colour figure can be viewed at wileyonlinelibrary.com]
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1. The investigation of three different SGS models showed that the SM and DSM models predicted similar results in the three conditions consid-

ered. Under the turbulent wake state and design condition, all the results showed reasonable agreements. Otherwise, under the separated flow

condition, the SM and DSM models got the results with a relatively high deviation, whereas the WALE model performed better and got more

accurate results.

2. For the three cases with different tip-speed ratios (10, 6.67, and 4.17), the normalized axial velocity ux/u∞ increases with decreasing the tip-

speed ratio in the near wake region within 4D. But at 6D, the axial velocities in the center of the wake are 73%, 51%, and 74% of the inflow

velocity respectively.

3. It is found that the time-averaged velocity distribution in the wake region is asymmetric when the nacelle and tower are taken into account,

which may be caused by the interaction between the tower and the rotating flow induced by the rotor.
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