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Abstract

Wake effects increase the fatigue loads on wind turbines in operation. However, the

wake flow is considerably different from the traditional boundary layer flow, and

poses many challenges in determining the fatigue loads on wind turbines operating in

a wake. Therefore, in the present study, the actuator-line model was adopted to

numerically simulate the wake flow and an in-house code named AOWT, which is

based on a generalized coordinate method, was developed for analyzing the dynam-

ics of wind turbines under an arbitrary distribution of the turbulent flow field varying

in time and space. Using the numerically modeled instantaneous wake flow fields and

AOWT, the dynamic response of a wind turbine, located at specified positions in

both tandem and staggered arrangements in a wake, was examined, and the fatigue

loads were determined. Furthermore, to determine the major contributions to the

fatigue loads, the loads induced by the spatial variation of the mean flow fields were

predicted. To the best of the authors' knowledge, no such analysis has been con-

ducted thus far. Importantly, it was found that in the near-wake region, the mean

flow field had a significant influence on the fatigue loads, especially in the staggered

layout. However, there is no analytical wake model available in the literature capable

of predicting the near-wake mean flow fields. Therefore, in this study, a near-wake

model was proposed, which yielded satisfactory predictions of the mean velocities in

the near-wake region.
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1 | INTRODUCTION

Wind turbines are usually installed as wind farms, in which the upstream wind turbines disturb the upcoming flow field and increase the down-

stream turbulence.1-7 Consequently, the fatigue loads on the downstream wind turbines owing to the wake effects are different from those cre-

ated by a traditional boundary layer flow.8,9

A method using the effective turbulence intensity10,11 has been commonly employed to assess the wake effects on the fatigue loads on wind

turbines. However, the flow field in a wake is strongly distorted in terms of both the turbulence intensity and the mean flow. As a result, detailed

examinations of the wake effects on the fatigue loads are needed. Whereas, the researches12-15 considering this issue are not as many as those

about the fatigue loads induced by the traditional boundary layer.16-20 This could be owing to the fact that the wind turbine wake flow is much

different with the traditional boundary layer flow, failing the applications of the conventional approaches for the turbulent flow generations,11,21

posing many challenges in determining the fatigue loads on a wind turbine operating in wakes. In recent years, the engineering models, such as
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the dynamic wake meandering (DWM) model,22-24 which is integrated in HAWC225 and FAST.Farm,26 are intended to be used to estimate the

fatigue of turbines in wake.

Wind turbines operating in wakes were first studied by Thomsen and Sørensen.12 It was found that the most important parameters determin-

ing the fatigue load are the turbulence intensity and the length scale of the wind. Next, Lee et al13 investigated the wake effects on wind turbines

with a tandem arrangement, and concluded that the wakes from the upstream turbines had a significant impact. However, the distance between

the downstream and upstream wind turbines in that study was a constant. The examination about the relative locations of the wind turbines oper-

ating in the wake was limited. Furthermore, Kim et al14 examined the wake effects on the fatigue loads and found that the additional turbulence

intensity significantly increased the fatigue loads. However, the time histories of the wake flow fields acting on the downstream wind turbines

were generated using the traditional analytical method, and hence were different from the real wake flows. Recently, Meng et al15 developed an

elastic actuator line model (ALM) to simulate the dynamic responses of wind turbines in the wake. Two staggered turbines in a neutral atmo-

spheric condition were examined and it was found that the downstream wind turbine suffered higher fatigue loads than the upstream one. How-

ever, the developed elastic actuator line model did not consider the effect of the coupling between the blades and tower, which is significant for

the dynamic responses of wind turbines.27 In addition, the relative importance of the spatial variation of the mean flow field and that of the turbu-

lence for the fatigue loads on wind turbines was not clarified.

To predict the wake-induced fatigue loads on wind turbines, it is critical to identify a satisfactory analytical model for the wake flow. One of

the widely used wake models for velocity deficit was proposed by Jensen28 and was further developed by Katic et al.29 This assumed a linearly

expanding wake with a uniform profile for the velocity deficit. Then, Frandsen et al30 proposed a model that applied the momentum balance, in

addition to the mass conservation. The velocity deficit was still assumed to be uniform in their model. Subsequently, a Gaussian distribution of

the velocity deficit was derived by Ishihara et al31 and observed in experiments by Ishihara et al31 and Chamorro and Porte-Agel.6 This Gaussian

distribution was also employed in the analytical models by Bastankhah and Porte-Agel32 and Gao et al.33 However, there is still no model capable

of accurately predicting the flow field in the near-wake region. Such a model is probably very crucial to determine the wake-induced fatigue loads

in some wind farms, where the distance between the wind turbines is approximately twice as large as the rotor diameter, D, such as in the Nanao

Eastern Island wind farm in Shantou, Guangdong, China, as depicted in Figure 1. This type of wind farms can be commonly observed on islands in

Taiwan Strait, famous for their rich wind energy resources.

Therefore, the present study has two objectives in the present study: (a) to understand the fatigue loads on wind turbines operating in wakes,

and (b) to propose a near-wake analytical model. To realize these two objectives, the ALM is adopted to simulate the wake flow field numerically.

Then, an in-house code named “Analysis tool of On-shore Wind Turbines (AOWT)”, based on a generalized coordinate method, is developed to

calculate the dynamics of wind turbines under an arbitrary distribution of flow field varying in both space and time. Next, the fatigue loads on a

wind turbine operating in a wake are examined in detail. Finally, based on the model proposed by Ishihara and Qian,34 an analytical near-wake

flow field model is proposed.

2 | WIND TURBINE WAKE SIMULATION

2.1 | Governing equations

Large eddy simulation (LES) is adopted, in which the large eddies are directly computed, while the influence of eddies smaller than the grid spacing

is parameterized. To close the cell-space averaged Navier-Stokes (N-S) equations, a subgrid scale (SGS) model is adopted. Following the previous

studies, for example, the one by Ishihara and Qian,34 the standard Smagorinsky-Lilly SGS model35 is applied. The governing equations obtained by

filtering the N-S equations are expressed as:

F IGURE 1 Nanao eastern island wind farm in
Shantou, Guangdong, China [Colour figure can be
viewed at wileyonlinelibrary.com]

2 LIU ET AL.

http://wileyonlinelibrary.com


∂ρ
∂t

+
∂

∂xi
ρ~uið Þ=0, ð1Þ

∂~ui
∂t

+
∂~ui~uj
∂xj

= –
1
ρ
∂~p
∂xi

+ μ
∂

∂xj

∂~ui
∂xi

� �
+
∂~τij
∂xj

+ fi, ð2Þ

where, ρ denotes the density, ~p is the fitted pressure, ~ui represents the fitted velocities (~u, ~v, ~w), μ is the viscosity, ~τij denotes the SGS stress, and fi

is the source term representing the external force because of the effects of the wind turbine, which is determined by ALM.36,37 In the present

LES, the Gaussian smearing technology38,39 capable of improving the accuracy and the stability of the simulation when using ALM was not

applied. But the comparison between the present numerical simulation and the experiment is good as presented below. In the near future, we will

try to realize the Gaussian smearing technology in the code.

In the Smagorinsky-Lilly model, the SGS stress is parameterized as:
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in which, ~Sij is the rate-of-strain tensor for the resolved scale, δij is the Kronecker delta, and μt denotes the SGS turbulent viscosity force and is

defined as:
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where, Ls denotes the mixing length of the SGS, κ is the von Kármán constant (0.42), d represents the distance to the closest wall, and Λ is the vol-

ume of a computational cell. Cs is the Smagorinsky constant and is determined according to the study by Ishihara and Qian34 to be 0.032.

2.2 | Wind turbine

A 1:100 scaled Mitsubishi's MWt-1000 wind turbine34 is used in this study. The rotor diameter of the scaled model, D, is 0.57 m, and the hub

height is 0.7 m. The rated wind speed of this wind turbine, Ur, is 10 m s−1. Ishihara et al31 carried out wind tunnel experiments and the flow fields

in the wake of the wind turbine were obtained. In that experiment, four cases were examined with two different tip speed ratios (λ = 5.52 and

9.69) and two different inflow turbulence intensities (Ia = 0.035 and 0.137).

Considering the fact that the tip speed ratio of this wind turbine in operation is approximately 10.0 and the turbulence intensity is always in

the range of 0.1 to 0.2 based on the guidelines, such as IEC 3rd edition11 and Germanischer Lloyd rules (GL, 1993),40 a case with λ = 9.69 and

Ia = 0.137 is finally selected to be examined in the present study.

In this case, the corresponding pitch angle equals 0 and the thrust force coefficient, CT, equals 0.81. The wind speed at the hub height, Uh, in

the experiments is 10.2 m s−1. The Reynolds number is determined as ρUhHhub/μ, which equals to 4.8 × 105 for the scaled model. The key param-

eters of the wind turbine are listed in Table 1. More details of this scaled wind turbine can be found in the study by Ishihara and Qian34 and are

not repeated here so as to focus more on the results.

TABLE 1 Key parameters of the wind turbine

Wind
Turbine Type

Tip Speed
Ratio, λ

Thrust Force
Coefficient, CT

Pitch
Angle, (�)

Rated Wind
Speed, Ur, m s−1

Rotor
Diameter, D
(m)

Hub Height,
Hhub(m)

Reynolds Number in
Scale, ρUhHhub/μ

Mitsubishi MWt-1000 9.69 0.81 0 10 57

70 4.8 × 105
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2.3 | Computational domain and solution methods

The numerical simulations were performed in a modeled traditional boundary layer, which was generated by three spires and a fence, as illustrated

in Figure 2. This arrangement is the same as that used by Ishihara et al31 in their experiments. The length, height, and width of the computational

domain were 15.5, 1.8, and 1.5 m, respectively. The wind turbine was located 8.0 m downstream of the inlet and the tower base center was the

origin of this domain (x = 0, y = 0, z = 0), where x, y, and z are coordinates in the streamwise, spanwise, and vertical directions, respectively. The

three spires were arranged 6.0 m upstream of the wind turbine, and the fence was located 5.5 m upstream of the wind turbine. The rotor disk

was divided in a uniform distance of 0.01 m and then connected smoothly with the main domain. The main domain was divided by a set of rectan-

gular cells with minimum grid size of 0.001 m near the wall in vertical direction and 0.02 m in horizontal direction. The total grid number is

7.2 × 106.

At the inlet, a uniform velocity of 10 m s−1 was prescribed as the inlet boundary condition, ie, ~u = 10 m s−1 and ∂~p/∂n = 0. At the outlet, the

pressure-outlet condition was specified, ie, ~p = 0 and ∂~p/∂n = ∂~ui/∂n = 0. Furthermore, the symmetry conditions were applied at the top and the

sides of the computational domain, ie, ∂~u/∂n = ∂~v/∂n = ∂~p/∂n = 0. In addition, the wall boundary conditions were used at the other boundaries, ie,

∂~p=∂n = 0 and ~ui =0. Table 2 summarizes the settings for the boundary conditions.

The finite volume method (FVM) was used for the simulations, wherein the variables were distributed in a nonstaggered, cell-centered mesh

system. The second-order central difference scheme was used for the convective and viscous terms. In addition, the second-order implicit scheme

was used for the unsteady term.

The semi-implicit pressure-linked equations (SIMPLE) algorithm, which was introduced by Ferziger and Peric,41 was used to solve the dis-

cretized equations. The commercial software Fluent 14.0 was used for the calculations. A time step size Δt of 0.0001 seconds was used. The sim-

ulation lasted for 30 seconds and the first 10 seconds of the transient results were discarded. The following 20 seconds of the results were used

for the statistical analysis.

2.4 | Flow field and validation

Figure 3 depicts the distributions of the mean streamwise velocity, U, and the streamwise fluctuation, σu. Figure 3A,B shows these variables in the

absence of the wind turbine (abbreviated as “free flow”), whereas Figure 3C,D shows the same variables after the introduction of the wind turbine

F IGURE 2 Schematic of the computational
domain [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 2 Settings for the boundary conditions

Locations Boundary Type Expression

Inlet Velocity inlet ~u = 10 m/s, ∂~p/∂n = 0

Spires and fence Non-slip wall ∂~p=∂n = 0, ~ui ¼0

Bottom Non-slip wall ∂~p=∂n = 0, ~ui ¼0

Side walls and tope of the domain Symmetry ∂~u/∂n = ∂~v/∂n = ∂~p/∂n = 0

Outlet Pressure-outlet ~p = 0, ∂~ui/∂n = 0
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(abbreviated as “wake flow”). In these figures, the profiles obtained from the wind tunnel experiments conducted by Ishihara et al31 are sup-

erimposed for comparison purposes. It can be seen that there is a satisfactory agreement between the two results. It is evident that the wind tur-

bine significantly decreased the wind speed in the near-wake region, where the increase in the fluctuations was also obvious at locations with

approximately the same height as the blade tip. More details of the validation of the modeled flow fields in the wake of wind turbine can be found

in the study by Ishihara and Qian.34

The instantaneous flow fields under both free flow and wake flow conditions were recorded from 10 to 30 seconds at each time step during

the simulation. For the flow field under the free-flow condition, owing to the fully developed turbulence, the data at the cell centers on the

spanwise slice (x = 0) were extracted. On the other hand, for the wake flow condition, the data at the cell centers on the span-wise slices, ie,

x = 2D, 4D, 6D, and 8D were extracted. Next, the coordinates of the cell centers as well as the time were divided by the scale of the model, which

was 1:100. Considering that the rated wind speed of this wind turbine was 10 m s−1, which was approximately equivalent to Uh = 10.2 m s−1 in

the simulation, the wind speed in the simulation was therefore not scaled. Thus, the flow fields at full scale on these slices were obtained and used

to determine the aerodynamic loads on the blades and the tower of the wind turbines, under both free-flow and wake flow conditions, at differ-

ent downstream locations. These are described in detail in Section 4.

3 | INTRODUCTION TO AOWT

For the calculation of the dynamic response of wind turbines, the degrees of freedoms (DOFs) are considerably large when the traditional finite

element method (FEM)42 is used, which entails a high computational cost. Furthermore, most aeroelastic tool, such as the widely used commercial

software GH-bladed,43 can take a turbulence box as input, which is a prescribed varying flow field. However, as far as we know, in the turbulence

box only the wind properties along the vertical direction can be specified. The variation of the wind properties in the lateral direction can hardly

be considered. For example, the integral length of the velocity, the turbulence intensity, the mean velocity, and the spectrum of the velocity is

assumed to be constants at a certain height. Then, adopting some mathematical methods, such as superposition harmonic method,44,45 the wind

with turbulence can be generated. However, in the wake of the wind turbine, the integral length of the velocity, the turbulence intensity, the

mean velocity, and the spectrum of the velocity varies not only in the vertical direction but also in the lateral direction. Therefore, the turbulence

box cannot generate such complex wake flow. This is one of the motivations for us to develop the solver AOWT. Therefore, in the present study,

a code capable of inputting arbitrary distributions of the turbulent flow fields varying in space and time is developed. This code was registered as

“Analysis tool of On-shore Wind Turbines (AOWT)” in the National Copyright Administration of the People's Republic of China. AOWT adopts

the generalized coordinate approach,46,47 which is also applied in the popular tools in the wind energy community OpenFAST48 and FLEX.49 The

details of the governing equations for the dynamic response of the wind turbines can be obtained from the studies conducted by Zhang.46,47

3.1 | Calculation details

The aerodynamic loads were determined using the blade element method (BEM).50 The fluid-structure interaction (FSI) was not taken into

account because of the considerably small speed produced by the structural vibration (less than 1.0 m s−1), compared with the inflow wind speed

(approximately equal to10 m s−1). The Newmark-β method was adopted to advance the calculation in time. The time-step size in the calculation

of the structural dynamic response was 0.01 seconds. For each run of the calculation, the first 60 seconds of transient data were discarded and

F IGURE 3 Mean streamwise velocities and the fluctuations under (A,B) the free-flow condition and (C,D) the wake flow condition [Colour
figure can be viewed at wileyonlinelibrary.com]
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the resulting stable results were applied for further processing. It should be pointed out that as the inputs of AOWT, the modal shapes could be

determined beforehand. In the present study, the first three flapwise modes for the blade, the first three edgewise modes for the blade, the first

three fore-aft modes for the tower, and the first three lateral modes for the tower were applied to do the calculations, and to limit the differences

with GH-bladed, the modal shapes calculated using GH-bladed were directly adopted. The natural frequencies for both the blade and the tower

are listed in Table 3. In the following study, the flapwise bending moments, My3 at the blade root, and the fore-aft bending moments, My1 at the

tower base, which were the components that were most sensitive to the variations of the flow field, were examined.

3.2 | Validation of AOWT

The dynamic response of a wind turbine in a traditional boundary layer flow was calculated using GH-bladed and AOWT. The turbulent flow fields

in this validation case was generated by GH-bladed, with a wind profile of U = 10(z/Hhub)
0.2 m s−1 and a turbulence intensity of Ia = 0.33. The

results from these two codes were comparable, exhibiting almost the same peak values at almost the same time, as illustrated in Figure 4. The

maximum discrepancy was approximately only 5%, thus validating the accuracy of AOWT.

It should be pointed out that in the present version of AOWT, the geometrical nonlinearities and the axial deformation effects were not

included. This is from the consideration that the modeled wind turbine in the present study is with a relatively small size, the effects from the geo-

metrical nonlinearities and the axial deformation were not evident. Neglecting the geometrical nonlinearities and axial deformation effects will

result in some inaccuracies, which can be found from the above validation of AOWT. The maximum error was about 5%, which is however small

enough and we think the result from AOWT can be adopted for the further examination of the fatigue loads. With the increase of the size of the

wind turbine, the geometrical nonlinearities effect will be more evident, so the geometrical nonlinearities and the axial deformation effects will be

considered in the next version of AOWT.

F IGURE 4 Validation of (A) the flapwise
bending momentums at the blade root and (B) the
fore-aft bending momentums at the tower base
[Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Natural frequencies of the blade and the tower

Mode Frequency of Blade, Hz Mode Frequency of Tower, Hz

First edgewise mode 1.161 First lateral mode 0.492

Second edgewise mode 3.976 Second lateral mode 3.879

Third edgewise mode 9.081 Third lateral mode 11.07

First flapwise mode 0.753 First fore-aft mode 0.492

Second flapwise mode 2.273 Second fore-aft mode 3.879

Third flapwise mode 4.949 Third fore-aft mode 11.14
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4 | WAKE-INDUCED FATIGUE LOAD

4.1 | Case settings

The downstream wind turbine was placed at eight different locations in consecutive analyses, with four tandem arrangements and four staggered

arrangements. The distances from the downstream turbine to the upstream turbine in each of the two types of arrangements were 2D, 4D, 6D,

and 8D. In the staggered arrangement, the downstream turbine was located at a spanwise distance of 0.5D from the wake center, as depicted in

Figure 5. Table 4 summarizes the case settings.

4.2 | Time histories and statistics

Figures 6 and 7 depict the time histories of the moments at the blade root and the tower base. Owing to the deficit of wind speed in the wake,

the averaged bending moments were much lower than those caused by the free flow. However, the moment fluctuations became extraordinarily

large, and could be attributed to the strong wind shear and the large turbulence caused by the upstream wind turbine. When the wind turbine

F IGURE 5 Layout of the wind turbines
[Colour figure can be viewed at wileyonlinelibrary.
com]

TABLE 4 Cases settings

Cases Distance Layout Condition

Free / / �

2DT 2D Tandem

2DS 2D Staggered

4DT 4D Tandem

4DS 4D Staggered

6DT 6D Tandem

6DS 6D Staggered

8DT 8D Tandem

8DS 8D Staggered

Note. means wake flow, � means free flow.

F IGURE 6 Time histories of flapwise bending moment at the blade root when the wind turbine is located at (A) x = 2D, (B) x = 4D, (C) x = 6D,
and (D) x = 8D [Colour figure can be viewed at wileyonlinelibrary.com]
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was moved downstream, the fluctuations of the moment were weakened, and at x = 8D, the difference between the fluctuations caused by the

wake flow and the free flow could hardly be identified.

Figure 8 presents the box plots for the time series of the moment, which were normalized by the mean bending moment of the wind turbine

in the free flow. The abbreviation IQR in Figure 8 stands for interquartile range. It is clear that the averaged bending moments were the smallest

at 2D and increase as the downstream distance was increased. In addition, it is interesting to note that in general, the wind turbine in the tandem

layouts, for each downstream location, experienced smaller mean bending moments than in the corresponding staggered layout case. This was

because of the stronger wind deficit near the wake center. Furthermore, in the near-wake region, ie, x = 2D, the fluctuations of the bending

moments at the blade root, when the wind turbine was in any of the tandem arrangements, were larger than those in the corresponding staggered

layout case. This was probably because the blade of the wind turbine in a tandem layout was more likely to meet the flow with high turbulence

and in the tandem layout the contribution from the turbulence was more dominant than that from the spatial variation of the mean wind speed.

These observations will be further confirmed in the following discussion on the relative importance of the mean flow and the turbulence-induced

fatigue loads. Similar trend could be observed for the bending moments at the tower base. It is also important to note that the bending moments

at the blade root were more sensitive to the wake-induced flow field than the tower, as can be found from Figure 8A, in which in the far-wake

region, ie, x = 8D, the IQR range was still about two times as large as that from the free flow. However, from Figure 8B, it is evident that the IQR

ranges under the wake flow and free flow conditions became nearly the same at x = 8D. This could be because the vibrations of the blades could

hardly be in the same phase, which would partially cancel out the wake effects of the tower.

Using the rainflow-counting algorithm,51 the moment amplitude cycles were calculated. Figures 9 and 10 illustrate the exceedance probabili-

ties of the bending moment amplitudes at the blade root and the tower base, respectively. At x = 2D, the bending-moment amplitudes under the

wake flow condition showed much larger values than those under the free flow condition. In addition, the results of the wind turbine in the tan-

dem layout were larger than those of the staggered layout. This trend continued to hold at x = 4D. However, at x = 6D and 8D, the results for the

wind turbine in the tandem layout and the staggered layout were almost the same. For the tower base, the bending-moment amplitudes at x = 8D

did not show distinct differences with those under the free flow condition.

F IGURE 7 Time histories of fore-aft bending moment at the tower base when the wind turbine is located at (A) x = 2D, (B) x = 4D, (C) x = 6D,
and (D) x = 8D [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Boxplots of the time histories of the bending moment at (A) blade root and (B) tower base [Colour figure can be viewed at
wileyonlinelibrary.com]
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4.3 | Equivalent fatigue loads

The equivalent fatigue loads (EFL) are used to equate the fatigue damage represented by the rain flow cycle counted data to that caused by a sin-

gle load range repeating at a single frequency. The EFL is given by the following formula:

LN =

ffiffiffiffiffiffiffiffiffiffiffiffiffiP
Llini
Nt

l

s
, ð7Þ

where LN is the EFL for Nt cycles; Nt is the number of cycles, which is assumed to be 1.0 × 107; Li is the load in the range bin i; ni is the number of

rain flow cycles at the load range bin i; and l denotes the slope of the S-N curve for blades l = 10 and for tower l = 5.52

Figure 11 depicts the out-of-plane EFLs, where it is clear that the EFLs at x = 2D were 10 times as large as those under the free flow condi-

tion. As the distance between the upstream and downstream wind turbines increased, the EFLs decreased dramatically and showed stable values

when x ≥ 6D. However, even in the far-wake region, ie, x = 8D, the results under the free flow condition were still significantly smaller than those

under the wake flow condition. Therefore, it is important that more attention should be paid when the wind turbines are arranged with a distance

of less than 8D between them. Even the wake flow condition did not occur as frequently as it did in the free flow condition. The EFLs under the

wake flow condition night still contribute significantly to the total EFLs over the lifetime of the wind-turbine.

As mentioned above, the large EFLs under the wake flow condition resulted from two factors: the large spatial variation of the mean flow

field and the large turbulence. It is of interest to understand the amount of contribution made by each of these factors. Hence, a spatially varying

mean flow field was adopted, and considering the rotor rotation, the aerodynamic loads on the blades in time were determined. As a result, the

EFLs caused by the mean flow field were calculated. The steps determining the fatigue load because of the spatial variation of the mean flow

fields are as follows:

F IGURE 9 Exceedance probability of My3 amplitude at the blade root by rainflow cycle counting when the wind turbine is located at
(A) x = 2D and (B) x = 8D [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 10 Exceedance probability of My1 amplitude at the tower base by rain flow cycle counting when the wind turbine is located at
(A) x = 2D and (B) x = 8D [Colour figure can be viewed at wileyonlinelibrary.com]
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• obtain the spatial distributions of the mean velocities by averaging the instantaneous velocities in time.

• Store the spatial distributions of mean velocities in a 400 × 400 grid with a step size of 0.01D.

• Determine the mean velocities at the location of each blade element and at each time step through linear interpolation.

• Use BEM to determine the aerodynamic loads caused by the spatial variation of the mean flow fields.

• Calculate the dynamic response by AOWT.

• Calculate the equivalent fatigue loads using Equation (7).

The EFLs because of the mean flow fields are as shown in Figure 12. Similar to the EFLs determined by the instantaneous flow field, the EFLs

determined by the mean flow field also exhibited extremely large values in the near-wake region owing to the strong spatial variations of the

mean flow. Furthermore, an interesting observation is that the results in the staggered layout cases were larger than those in the tandem layout

cases. This was because the wind turbine with a staggered layout was abruptly placed at the location with the largest wind shear. However,

because of the expansion of the wake and the weakening of the wind deficit as the distance between the wind turbines increased, the difference

between the tandem layout and the staggered layout became less obvious.

The proportion of the contribution to the EFLs from the mean flow field is plotted in Figure 13. It is obvious that in the near-wake region, ie,

x = 2D, the turbulence was dominant in the tandem layout cases, while the mean flow contribution was dominant in the staggered layout cases,

reaching about 85%. However, the mean flow contribution dramatically decreased as the distance between the wind turbines increased. When

the distance was further increased, the contribution from the mean flow field generally increased, and at x = 8D, reached nearly the same level as

the free flow condition.

F IGURE 11 Equivalent fatigue loads at (A) the blade root and (B) the tower base, induced by the instantaneous flow fields [Colour figure can
be viewed at wileyonlinelibrary.com]

F IGURE 12 Equivalent fatigue loads at (A) the blade root and (B) the tower base, induced by the space variation of the mean flow fields
[Colour figure can be viewed at wileyonlinelibrary.com]
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5 | PROPOSED ANALYTICAL NEAR-WAKE MODEL

From the examination about the fatigue loads, it is found that in the near-wake region, the fatigue load due to the spatial variation of the mean

velocity is significant and can contribute about 85% of the total fatigue load. In addition, the near-wake fatigue load is the largest, which means

that if we want to predict the fatigue load caused by the wind turbine–wake using flow fields modeled by the analytical wake model, the accurate

prediction of the mean flow fields in the near-wake region is crucial. This is the motivation of the proposal of the dual Gaussian model in the pre-

sent study. The model proposed in the present study is based on that by Ishihara and Qian.34

5.1 | Velocity deficit

The analytical model proposed by Ishihara and Qian34 yielded satisfactory agreements with experiments and simulations at the locations x > 4D.

However, the single Gaussian model used in that study could not fit the data satisfactorily in the near-wake region. Therefore, in the present

study, a dual-Gaussian model is proposed. Similar to the wake model proposed by Ishihara and Qian,34 in the present study, the streamwise veloc-

ity deficit is also assumed to be axisymmetric with respect to the rotor axis. However, the self-similar distribution in the wake cross-section is

assumed to consist of two Gaussian functions under the consideration that the streamwise velocity deficit is strongest at the wake boundary in

the near-wake region:

4U x,y,zð Þ
Uh

=
1

a+ b � xD + c 1+ x
D

� 	–2� �2 k1 × exp –
r –mð Þ2
1:75σ2

 !
+ k1 × exp –

r +mð Þ2
1:75σ2

 ! !
, ð8Þ

where a, b, and c are the functions of CT and Ia, by fitting the data from experiments or simulations, m indicates the distance between the peak

locations of the Gaussian function and the wake center, which should be decreased with increasing the downstream distance, x, due to the turbu-

lence mixing effects in the wake. And m should be nearly zero in the far-wake region. σ is the representative wake width, which is assumed to

expand linearly in the wake region downstream of the turbine. Considering that the mixing effects in the wake will be definitely strengthened with

increasing the turbulence in the wake, which is proportional to the thrust force coefficient, CT, and the inflow turbulence intensity, Ia, therefore,

m is assumed to be as follows:

m= a1
x
D

� �– b1
CT

– c1 Ia
– d1 , ð9Þ

where a1, b1, c1, and d1 are the constants with positive values. In addition, k1 in Equation (8) is the contribution parameter of the two Gaussian

functions that should decrease as increasing x, and in order to make the present model be identical with the original model by Ishihara and Qian34

in the far-wake region, k1 should equal 0.5 in the far wake. As a result, k1 can be expressed as:

F IGURE 13 Proportion of the fatigue load at (A) the blade root and (B) the tower base, because of the space variation of the mean flow fields
[Colour figure can be viewed at wileyonlinelibrary.com]
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k1 = e1x
– f1 : ð10Þ

The numerical and the experimental data in the study by Ishihara and Qian34 and the studies by Wu and Porte-Agel53,54 are adopted to fit the

parameters. Finally, a1 = 0.453, b1 = 2.0, c1 = 0.1, d1 = 0.1, e1 = 0.89, and f1 = 0.25 are obtained. It should be pointed out that k1 is meaningful only

in the range 2D ≤ x ≤ 10D. This range should be able to cover most of the cases in the wind farms. The model is listed in Table 5 for convenience.

For the turbulence intensity, I, the original model by Ishihara and Qian34 has provided satisfactory results in both the near-wake and far-wake

regions, therefore, no modifications are needed for I.

5.2 | Comparisons and validations

The comparisons of the mean streamwise velocities from the LES by Ishihara and Qian,34 single Gaussian model by Ishihara and Qian,34 and cur-

rent proposed wake model, in vertical and horizontal directions, are depicted in Figures 14 and 15, respectively. It can be seen that the wake

models from the present study and that by Ishihara and Qian34 show satisfactory agreements with the LES results in the far-wake region. How-

ever, the model by Ishihara and Qian34 in the near-wake region overestimates the streamwise velocity at the wake boundary; however, it under-

estimates the same at the wake center. After modifying the model using the dual-Gaussian functions, the prediction is significantly improved in

the near-wake region. The quantitative examination of the improvements of the modified analytical model is carried out based on the relative

errors determined as follows:

ϵI&Q =

Pn=N
n=1 UI&Q –ULESj jPn=N

n=1 ULESj j
, ϵM =

Pn=N
n=1 UM –ULESj jPn=N

n=1 ULESj j
, ð11Þ

where ϵI & Q and ϵM are the relative errors from the model by Ishihara and Qian34 and the proposed model, respectively, UI & Q is the predicted

velocity from the analytical model by Ishihara and Qian,34 UM is the predicted velocity from the analytical model proposed in the present study,

TABLE 5 Modification of the model by Ishihara and Qian34

Proposed Model Parameters

4U x,y,zð Þ
Uh

¼ 1

aþb�xDþc 1þx
Dð Þ–2

� 	2 k1 × exp – r –mð Þ2
1:75σ2

� �
þk1 × exp – rþmð Þ2

1:75σ2

� �� �
a = 0.93CT

–0.75Ia
0.17

b = 0.42CT
0.6Ia

0.2

c = 0.15CT
–0.25Ia

–0.7

σ = k*x+εD

k* = 0.11CT
1.07Ia

0.20

ε = 0.23CT
–0.25Ia

0.17

m¼ 0:453 x
D

� 	–2:0
CT

– 0:1Ia
–0:1

k1 = 0.89x–0.25

F IGURE 14 Comparisons of the mean streamwise velocities in the vertical direction, when (A) Ia = 3.5% and CT = 0.37, (B) Ia = 3.5% and
CT = 0.81, (C) Ia = 13.7% and CT = 0.37, and (D) Ia = 13.7% and CT = 0.81 [Colour figure can be viewed at wileyonlinelibrary.com]
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ULES is the results from large eddy simulations, N is the sample points in LES. The error bars are added at the top of each profile. From the error

bars, it is clear that in the near wake region x = 2D, the modified model shows evident improvement in both the vertical and horizontal directions

as compared with the original model by Ishihara and Qian.34

The mean flow field, as well as the turbulence intensity, can be modeled accurately using the proposed analytical model; however, additional

information is still needed to generate the wake flow analytically, ie, the distributions of the integral length scale, spectrum of the velocities, and

coherence of the velocities in space. Therefore, more studies considering these issues in turbine wakes are needed to be conducted in the future.

Additionally, another important direction is the interaction of turbine wakes.

6 | CONCLUSIONS

In the present study, the ALM model together with LES was employed to obtain the instantaneous flow field in the wake of a wind turbine. A

computer code for evaluating the dynamic response of a wind turbine under an arbitrary distribution of the flow field, varying in space and time,

was developed. The fatigue load on a downstream wind turbine located at various positions in the wake was examined. To the best of the authors'

knowledge, for the first time, the relative effect of the spatial variation of the mean flow field on the fatigue load was clarified. In addition, an ana-

lytical model for predicting the mean velocity deficit in both the near-wake and far-wake regions was proposed. Following is a summary of the

findings and the contributions from the present study:

1. The flow field predicted by the ALM model together with LES demonstrated satisfactory agreement with the experiments. The developed

code for the calculation of the dynamic response of the wind turbine was validated by comparing its results with those of GH-bladed.

2. The averaged bending moments are the smallest when the turbine is located 2D behind the upstream turbine, which are increased as the

downstream distance is increased. In addition, the wind turbine in the tandem layout will experience smaller mean bending moments than the

corresponding case with a staggered layout.

3. Attributed to the strong wind shear and the large turbulence caused by the upstream wind turbine, the fluctuations of the moments are

extraordinarily large in the near-wake region. Moving the wind turbine downstream, the fluctuations of the moments are weakened quickly.

And the bending moments at the blade root are more sensitive to the wake-induced flow fields than the tower. The results of the wind turbine

in the tandem layout are larger than those in the staggered layout.

4. The EFLs at x = 2D are even 10 times as large as those under the free flow condition. With increasing the distance between the upstream and

downstream wind turbines, the EFLs decreases dramatically, and show stable values when x ≥ 6D.

5. The EFLs determined by the mean flow fields show large values in the near-wake region due to the spatially strong variations of the mean

flow. And the results in the staggered layout are larger than those in the tandem layout. In the near-wake region, x = 2D, the mean flow contri-

bution to the total EFLs of the wind turbine in the staggered layout can reach to about 85%. Furthermore, as increasing the distance between

the wind turbines, the difference between the tandem layout and the staggered layout becomes less obvious.

6. A dual-Gaussian analytical model for predicting the mean velocity deficit was proposed. This model demonstrated obvious improvements in

the near-wake region in comparison with the original model. In the far-wake region, both the proposed model and the original model proposed

by Ishihara and Qian34 converged to the same result.

F IGURE 15 Comparisons of the mean streamwise velocities in the horizontal direction, when (A) Ia = 3.5% and CT = 0.37, (B) Ia = 3.5% and
CT = 0.81, (C) Ia = 13.7% and CT = 0.37, and (D) Ia = 13.7% and CT = 0.81 [Colour figure can be viewed at wileyonlinelibrary.com]
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NOMENCLATURE

m0 total mass of nacelle (kg)

uJ blade J flapwise displacement (m)

uT tower fore-aft displacement (m)

vJ in-plane displacement for blade J (m)

vT in-plane displacement for tower (m)

θy angular displacement at the tower top (o)

Ψ J azimuthal angle of blade J (rad)

A kinety energy (J)

a' tangential induced factor

ALM actuator line model

B number of blades

BEM blade element method

Cd drag force coefficient

CFD computational fluid dynamics

Cl lift force coefficient

D diameter of rotor (m)

d distance to the closest wall (m)

FD drag forces (N)

fi source term in moment equation (N m−3)

FL lift forces (N)

FVM finite volume method

Fx axial force acting on blade (N)

Fθ tangential force acting on blade (N)

H tower height (m)

Hhub hub height (m)

Ia turbulence intensity of inflow

l S-N curve slope parameters

LES large eddy simulation

LN equivalent fatigue load

My1 bending moment at tower base (N m)

My3 bending moment at blade root (N m)

Q moment on the blade (N m)

R blade length (m)

r distance from blade element to root (m)

s distance from the tower top to hub (m)

SGS subgrid scale

SHM superposition harmonic method

SIMPLE semi-implicit pressure linked equations

T thrust on the blade (N)

U mean streamwise velocity (m s−1)

U∞ free-stream velocity (m s−1)

Uh wind speed at hub height (m s−1)

Ur rated wind speed (m s−1)

Ut total potential energy (J)

Vrel wind velocity relative to the blade (m s−1)

x, y, z coordinates (m)

α angle of attack (rad)

β local pitch angle (rad)

λ tip speed ratio

Λ volume of a computational cell (m3)

σ wake width (m)

σu streamwise fluctuations (m s−1)
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φ angle between velocity and rotor plane (rad)

Ω rotating angular velocity of blade (rad m−1)

a axial-induced factor
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