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Abstract

There is a need to clarify the coupling characteristics of terrain-induced wind fields

and wind turbine-induced wake in wind farm micrositing. However, research investi-

gating the effect of hill shape on this interaction is lacking. In addition, during the

optimization of the layout of the turbines over topographies, the flow behind the

turbines should be predicted in a fast way. After obtaining the wake flow of the tur-

bine mounted on flat terrain and the flow over the topographies, there are mainly

two superposition methods to predict the turbine wake flow over the topographies.

One is to add the wind deficit following the location with a vertical distance of the

hub height (D-line). The other is to add the wind deficit following the streamline

starting from the turbine center (B-line). It remains unknown to what extent these

two superposition methods can be adopted. Therefore, the effects of hill shape, wind

turbine size, and turbine location are investigated. When the wind deficit, obtained

from modeling the wake flow of the turbine mounted on flat terrain, is superposed

following B-line, the results are overall better than those when following D-line.
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1 | INTRODUCTION

Wind energy is the most widely used and fastest growing new power generation technology, and it has been developed and applied on a global

scale. Toward the end of 2018, the cumulative wind power was 591 GW globally, more than 23 times that at the end of 2001.1 Currently, wind

farms have been constructed in more than 90 countries including Asia, Europe, and the Americas. By the end of 2018, China, the United States,

Germany, India, and Spain became the top five countries in terms of cumulative onshore wind power. In China, wind power accounts for 5.23% of

the total power consumption of the country, thereby making it the third largest power source after coal and hydropower.1 However, owing to its

continuous expansion, wind power is facing new challenges in China. The most prominent problem is the mismatch between the location of wind

resources and power consumption. The northeast, northwest, and north of China are rich in wind resources and have flat terrains. Although many

large wind farms have been installed in these areas, their power consumption is relatively low. The central, eastern, and southern regions of China

have a high electricity consumption, but the terrain is complex. Therefore, as a response, the National Energy Administration of China issued the
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“13th Five-Year Plan for Wind Power Development”2 based on the principle of “near resources, local consumption,” which clearly states it is nec-

essary to accelerate the development of onshore wind energy in complex terrain in the central, eastern, and southern regions of China.2

The experimental studies of the effects of terrain on wind turbine wake began in the early 1990s. To our knowledge, Taylor and Smith3

conducted the first wind-tunnel experiment to reveal the effects of topography on flow fields in the wind turbine wake. In that experiment, the

terrain was a flat-topped two-dimensional (2D) hill, and the model wind turbine was installed in several positions. Englberger and Dörnbrack4

investigated the wind turbine wake in complex terrain under various atmospheric conditions, and they found that the advective transport of

turbulence was crucial. Hyvärinen and Segalini5 carried wind-tunnel experiments. In that study, velocity profiles behind the turbine showed that

the wake recovery was more rapid in the cases with hills, compared with the plain configuration cases. Astolfi et al.6 also found faster wake recov-

ery for the turbine over complex terrain with respect to flat terrain. From experiments and simulations by Castellani et al.,7 the main effect of the

terrain was mainly for the upstream turbine, and the presence of the rest of the subcluster deviated the wake line of the upstream turbine.

Hyvärinen et al.8 investigated wake development on sinusoidal hills using particle image velocimetry (PIV). The introduction of terrain enhanced

the downward deflection of the wake and the wind fluctuation. Further, they pointed out that when the analytical wake model was used over hilly

terrain, an accurate turbulence model was found to be essential for capturing wake development. Tian et al.9 studied the wake of five turbines

placed in an array on a 2D hill with slopes (defined as hill height over half of hill length) of 0.25 and 0.5. Compared to results for wind turbines on

flat ground, the wind turbines installed on the hillcrest not only extracted more wind energy because of the acceleration effects but also reduced

the fatigue load. Rapid recovery of the wind turbine wake was also observed. Howard et al.10 examined the terrain effects on the wind turbine

wake, and the upwind hill was found to cause a reduction in the mean angular velocity. Kozmar et al.11,12 studied the effects of complex terrain

shape on the wakes of wind turbines installed downstream of these topographies. Further, a ridgelike topography, with or without a bay at the

center, was examined.

The wake evolution of multi-megawatt wind turbines, located in both flat and complex terrains, was revealed using drone-based

measurements by Subramanian et al.13 It was observed that in complex terrain, the near-wake extent of the wind deficit was shorter.

Furthermore, Han et al.14 investigated the effects of topography and atmospheric stability and found that when the terrain shape was com-

plex or the air was in an unstable state, turbulence was enhanced and the wind deficit in the wind turbine wake recovered faster. Using

light detection and ranging (LiDAR) measurements and supervisory control and data acquisition (SCADA), Gao et al.15 conducted several

field measurements of wind turbine wake in complex terrain; the results showed that the steeper and longer the slope, the more visible is

the wind speed-up effect and the greater is the wake recovery compared to a flat terrain. Sun et al.16 measured wind turbine wake in com-

plex terrain and compared the results to an analytical model.17 They found that the analytical model performed poorly in near-wake regions.

They concluded that complex terrain made the inflow distribution too complicated to be well described by the analytical model, which

results in worse predictions.

During the last 10 years, there has been a rapid increase in the number of numerical studies on wake–terrain interactions owing to the

advancement of computer technology. Politis et al.18 used k–ε and k–ω closures to study the effects of topography on wake evolution and

modeled wind turbines with the actuator disc method. They found that linear superposition approaches are not sufficiently robust to predict the

wind speed deficit or wake shape. Further, it was observed that faster recovery of wake losses would result from an increase in turbulence inten-

sity because of topography. Makridis and Chick19 used the commercial software Fluent and assumed a three-dimensional (3D) stationary flow

using the Reynolds-averaged Navier–Stokes (RANS) equations. Their results produced errors within 20% in the far-wake region as compared with

field observation data for the averaged velocities. Using the RANS model, Nedjari et al.20 further examined the interactions between topography

and wake. Their simulation results are in good agreement with the wind-tunnel experimental results. Shamsoddin and Porté-Agel21 developed

code using the finite difference method (FDM) and large eddy simulations (LES) to model turbines on typical terrains. LES was found to be effec-

tive in reproducing the flow fields, which were characterized by increased speed around the hilltop, a wake velocity deficit, and enhanced turbu-

lence intensity. Three different turbulence models—the standard, RNG, and realizable k–ε models—were set up and discussed by Murali and

Rajagopalan.22 The realizable k–ε model performed best in the comparisons. The power output of a wind farm in complex terrain was modeled by

adopting LES,23 and the simulations exhibited good agreement with experimental data. They also compared the analytical wake model without

accounting for complex terrain effects, which resulted in overestimation of the wind power output. Yan et al.24 utilized the standard k–ε model to

investigate the wake flow around hills with different slopes and observed stronger diffusion of the wake. They concluded that the coupling

between wind turbines and terrain must be taken into account when determining the site of wind farms. Meanwhile, a modified delayed detached

eddy simulation (MDDES) was developed and adopted to model wind turbine wakes over escarpments by Qian and Ishihara25; their results show

satisfactory agreement with the LiDAR measurements. Shamsoddin and Porte-Agel26 presented an analytical modeling framework together with

LES results to investigate turbine wakes over 2D hills. This model enables us to obtain the wake recovery rate, the mean velocity and velocity

deficit profiles, and the wake trajectory in the presence of the hill.

Our research group examined the modeling of flow fields over typical topographies extensively27–32; however, we did not study the interac-

tions between wind turbine wake and flow fields over various topographies. The literature survey indicated that even though the number of stud-

ies on the interaction between wind turbines and terrain has increased in recent years, there is yet no study considering the different features of

the interaction between wind turbines and topographies with different shapes such as 3D and 2D hills.
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In addition, for any optimization of turbine layout in an onshore wind farm, it has to firstly obtain the flow fields over the terrain. After

obtaining the flow fields over the terrain, we can superpose analytical wake model (without considering the terrain effects) on the obtained flow

fields over terrain. But we have to understand where to do the superposition. That is what will be examined in the present study. Of course during

the iteration of the optimization, the flow field can be simulated considering both the terrain and turbine effects. But the steps of the iteration are

always over 2000, and if we do the simulation at each step, the computational time cannot be afforded. Therefore, in the real application, what

can be done is to model the turbine wake flow and terrain flow separately and then use superposition method to estimate the turbine wake flow

over terrain and do the optimization of turbine layout in an onshore wind farm. Up to now, there are mainly two superposition methods to repro-

duce the turbine wake flow over the topographies. One is to add the wind deficit caused by the turbine following the location with a vertical

distance of the hub height. The other is to follow the streamline starting from the turbine center. However, it remains unknown to what extent

the superposition methods can be adopted. In the present study, this question will be clarified.

The rest of this manuscript are organized as follows. The numerical model is presented first in Section 2. Flow fields over hills without the

involvement of wind turbines, the interaction between wind turbines and hills, and the condition for the application of the superposition method

are introduced in Section 3. Section 4 summarizes the findings in the present study and gives the research direction in the future.

2 | NUMERICAL MODEL

In Section 2.1, the modeling approach of the wind turbines is presented. Section 2.2 describes the settings of the computational domain and grid

system, followed by the introduction of the boundary condition, solution method, and case settings.

2.1 | Methodology

LES is used, and standard Smagorinsky–Lilly model23,24 is adopted. The Smagorinsky constant Cs is determined to be 0.1 following Liu and

Ishihara.28 The actuator disc model with rotation (ADM-R) is adopted to consider the effects of rotor-induced force on flow fields; lift and drag

forces are determined based on the blade element theory (BEM) (Burton et al.33), and then, it is unevenly distributed on the actuator disc. The

wind turbine examined here is the Mitsubishi MWT-1000, because of the availability of detailed aerodynamic information, including the lift (CL)

and drag (CD) force coefficients in terms of angle of attack, as introduced by Ishihara and Qian.34 The rotor diameter of the MWT-1000, Df, is

57 m; the hub height, hf, is 70 m; the tip speed ratio in operation, λ, is 9.69; and the resulting thrust force coefficient, CT, is 0.81. λ and CT are the

values at the wind speed that is investigated. The key structural parameters of this wind turbine are listed in Table 1.

2.2 | Computational domain and grid

A schematic view of the simulated domain is shown in Figure 1, wherein x lies along the streamwise, y along the spanwise, and z along the vertical

coordinate axis. Besides the spanwise direction and nozzle region near the inlet, the geometrical settings of the numerical model are the same as

those of the wind-tunnel experiments of Ishihara et al.,35,36 where the turbulent boundary layer (TBL) is modeled by roughness blocks. The

roughness blocks comprise two each of 10, 20, and 60 mm3 arrays, covering 1.2 m2 of the ground. At a distance of 3.4 m downstream from

the roughness blocks, the 3D and 2D hills with radius L = 0.1 m were mounted; the center of the topographies on the floor was set as the origin

(0, 0, 0) of the model. In the present LES, the domain covers 9, 0.65, and 0.9 m3. The geometrical parameters of the simulated domain are summa-

rized in Table 2.

A mesh system with hybrid-grid densities is designed to minimize the calculation time while maintaining prediction accuracy. This system is

shown in Figure 2A. The fine-grid domain covers the region within −0.5 m < x < 0.5 m, −0.1 m < y < 0.1 m, and 0.0 m < z < 0.9 m. In the fine-grid

domain, a grid size of 2.0 mm in the horizontal direction was adopted after a grid independency examination. The horizontal grid size was reduced

with cells number doubling to 2 mm from 10 mm for the grid independency (Section 3.1). The total number of cells is about 2.5 × 107. A buffer

region near the boundary wall between the fine-grid domain and the coarse-grid domain is used to avoid sudden changes in grid size. The horizon-

tal grid size at the inner boundary of the buffer region is equal to that in the fine-grid region, and the size at the outer boundary of the buffer

region is equal to that in the coarse-grid region. A growth factor of 1.2 is used to change the grid size in the buffer zone. Vertical grid sizes for the

TABLE 1 Key parameters of the wind turbine

Wind turbine type Tip speed ratio λ Thrust force coefficient CT Rotor diameter Df (m) Hub height hf (m)

Mitsubishi MWT-1000 9.69 0.81 57 70
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fine-grid and coarse-grid domains are the same; this is stretched by a factor of 1.05 from 0.1 mm at the surface. A σ-grid system is utilized to vary

the positions of vertical cell nodes while maintaining the size ratio of the vertical grids to the adjacent grids unchanged.

When the actuator wake model and the LES turbulence modeling method are adopted, it is necessary to ensure that �20 grid points span the rotor

diameter to reproduce the wind turbine-induced wake flow accurately.37 In the present LES, three rotor sizes are examined, and the wind turbine is

mounted at locations x = −0.2, −0.1, and 0.0. The grid distribution for rotors with different mounting locations are shown in Figure 2; for the smallest and

largest rotors, there are about 20 and 50 cells covering the rotor diameter. The grid information for the computational domain is summarized in Table 3.

2.3 | Boundary conditions

The stress-free boundary condition is adopted at the lateral and top surfaces of the computational domain, that is, ∂~u/∂n = 0, ∂~v/∂n = 0, ~w = 0 for

the top and ∂~u/∂n = 0, ∂~w/∂n = 0, ~v = 0 for the lateral sides, respectively. A uniform wind speed of 5.4 m s−1 is set at the inlet (~u = 5.4 m s−1, ∂~p

/∂n = 0) as the inflow condition. At the outlet, the gradient-free condition is used (∂~ui/∂n = 0, ∂~p/∂n = 0). At the ground, a nonslip condition is

applied (~ui = 0, ∂~p/∂n = 0), and the y+ value of the cell at the ground is less than 2.0.

2.4 | Solution scheme and solution procedure

The N–S governing equations with an unsteady 3D LES filter were calculated by Ansys Fluent 14.038 using the finite volume method (FVM). Con-

vective and viscous terms in the momentum equations were discretized by the second-order central difference scheme; the unsteady terms were

discretized using the second-order implicit scheme. The time step size in Ansys Fluent, Δt, was 0.0001 s, which resulted in convective time units,

Δt* = Δt U0/L = 0.0058. The Courant–Friedrichs–Lewy (CFL) number, expressed as C = ΔtΣ~ui/Δχi, where Δχi is the cell size,39 was limited to less

than 1 in the entire domain of the simulations. The semi-implicit pressure linked equation (SIMPLE) algorithm was adopted to uncouple the solu-

tion of pressure and velocities. The calculations were run by six paralleled PCs with Intel core i9-7980XE 18-core CPUs and 64-Gb memory. In all

simulations, the initial transient effects disappeared after 400 time units. After stability was achieved, the averaged turbulent fields were then

obtained during the following 600 time units. The numerical schemes and computational resources in the present LES are listed in Table 4.

2.5 | Case settings

In this study, the wind turbine is mounted at locations upstream from the hills and hill summits, with longitudinal distances between the hill sum-

mit and the rotor center being 2, 1, and 0 L. This is because in the initial phase of location selection in complex terrain, locations downstream from

hills are rarely selected.

F IGURE 1 Schematic of the computational domain and boundary conditions

TABLE 2 Geometrical parameters of the computational domain

Length of the
domain (Lx) (m)

Width of the
domain (Ly) (m)

Height of the
domain (Lz) (m)

Length of the fine-grid
domain (Lfx) (m)

Width of the fine-grid
domain (Lfy) (m)

Height of the fine-grid
domain (Lfz) (m)

9.0 0.65 0.9 1.0 0.2 0.9
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Two typical complex topographies—3D hill and 2D hill, which have been extensively investigated in previous wind-tunnel experiments40–44

and in several numerical simulations45–52—were selected to clarify the effects of the topography shape on the interactions between the wind tur-

bine and the terrains. The 3D and 2D hills are located at (0, 0, 0). The shape of the 3D hill is determined according to

zs x,yð Þ=Hcos2π x2 + y2
� �1=2

=2L, if x2 + y2
� �1=2

< L

zs x,yð Þ=0, if x2 + y2
� �1=2

≥ L

8<
: ð1Þ

where L represents a constant of 100 mm and H = 40 mm. The shape of the 2D hill is specified using

zs x,yð Þ=Hcos2π j x j =2L, if j x j < L
zs x,yð Þ=0, if j x j ≥ L

(
ð2Þ

F IGURE 2 Grid distribution (A) horizontal plane, (B) cross section A-A with a 3D hill mounted at (0, 0), and (C) cross section A-A with a 2D hill
mounted at (0, 0)

TABLE 3 Grid parameters of the numerical model

Grid type

Minimum
horizontal
cell
size (mm)

Maximum
horizontal
cell size (mm)

Minimum
vertical cell
size (mm)

Maximum
vertical cell
size (mm)

Maximum
horizontal
increasing
ratio

Maximum
vertical
increasing
ratio

Number of cells
covering the
rotor diameter

Grid
number

Hexahedron

grid

2.0 10 0.1 20 1.2 1.05 20–50 ≈2.5 × 107
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A second vertical coordinate, z' = z − zs (x, y), represents the height above the local surface; a second streamwise coordinate x' denotes the down-

stream distance from the wind turbine.

The wind turbine is scaled to have hub heights (h) equal to 1H (turbine T1), 1.75H (turbine T2), and 2.5H (turbine T3) to study the effect of

the size of the wind turbine relative to that of the hill. A schematic view of the cases is shown in Figures 3 and 4.

To facilitate the understanding of the interaction effects between the wind turbine and the topographies, additional cases were simulated for

the hills without any wind turbines. Further, simulations with wind turbines mounted on flat terrain were conducted to provide a basic wind speed

deficit for use in the examination of the superposition method.

Cases 2L3DT1 and 0L2DT3 were selected for grid independency examinations because these cases include 3D and 2D hills, the smallest and

largest wind turbines, and the maximum and minimum distances to the hill. Six increasingly refined cells were adopted in each case. The case set-

tings, case names, and key parameters are listed in Table 5.

3 | NUMERICAL RESULTS

3.1 | Grid independence

Six increasingly refined grids—numbered Grid 1 (G1) to Grid 6 (G6) with parameters as summarized in Table 6—were generated to perform detailed

grid convergence tests and specify mesh independence. To describe grid independence clearly and quantitatively, the relative errors of the mean

streamwise velocities, ϵU, and turbulence intensities, ϵI, were calculated. The relative errors were expressed as

ϵU =

Ð x0 =4L
x0 =0

Ð z0 =5H
z0 =0 UGn+1 –UGnj jdz0dx0Ð x0 =4L

x0 =0

Ð z0 =5H
z0 =0 UGnj jdz0dx0

ð3Þ

ϵI =

Ð x0 =4L
x0 =0

Ð z0 =5H
z0 =0 IGn+1 – IGnj jdz0dx0Ð x0 =4L

x0 =0

Ð z0 =5H
z0 =0 IGn dz

0dx0
ð4Þ

where UGn+1 and UGn indicate the mean streamwise velocity at grid levels n + 1 and n, respectively, and IGn+1 and IGn indicate the turbulence inten-

sity at grid levels n + 1 and n, respectively. ϵU and ϵI as a function of the grid number are shown in Figure 5, where it is clear that the relative errors

are less than 5% at grid Levels 5 and 6 for different scenarios, and therefore, the finest grid system G6 is adopted in all cases in the present LES.

3.2 | Neutral atmospheric boundary layer

In the absence of topographies and wind turbines, the time-averaged streamwise velocity, U, and root mean square (r.m.s.) of the streamwise,

spanwise, and vertical velocity fluctuations, u, v, and w, respectively, are compared to the experiments of Ishihara et al.,36 as plotted in Figure 6.

The profiles are normalized by Uref, which is the time-averaged streamwise velocity at z' = 4H; it is equal to 5.3 m s−1 in the LES results and

5.2 m s−1 in the experimental results. For all statistics, apparent discrepancies occur below z' = 10 mm, which is extremely close to the ground.

The reason for these discrepancies may be the disturbance of fluids resulting from probes in the experiment. The discrepancies are mostly below

5%. The created neutrally stratified atmospheric boundary layer (ABL) simulation is uniform in the streamwise direction in the range

−6 L < x < 6 L. The length scale 1:1000 is determined using Cook's53 approach, countering the roughness length z0 and integral length scale Lu,x. In

TABLE 4 Numerical schemes

Time discretization scheme Second-order implicit scheme SGS model Smagorinsky–Lilly

Space discretization

scheme

FVM second-order central difference

scheme

CFL number <2

Δt U0/L ≈0.0058 Decoupling

method

SIMPLE

Simulation method LES Software Ansys Fluent 14.0

Time for statistics 10 s CPU 6PCs in parallel Intel core i9-7980XE, 18

cores

Smagorinsky constant Cs 0.1 Memory 64 Gb
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simulations without a complex terrain or wind turbine, z0 = 0.01 mm and the power-law exponent of the mean streamwise velocity α0 = 0.185

were determined by the fitting procedure, similar to that in the wind-tunnel studies of Ishihara et al.36 In the full-scale model, the roughness

length z0 = 10 mm and the power-law exponent α0 = 0.185 correspond to onshore flat grassy plains.33

3.3 | Flow fields over typical topographies

For comparison with flow fields after the inclusion of the wind turbines, flow fields over topographies without wind turbines are briefly presented

in this section.

F IGURE 3 Illustrations of the cases for the examinations of the interactions between 3D hill and wind turbines. (A) 2L3DT1, (B) 1L3DT1,
(C) 0L3DT1, (D) 2L3DT2, (E) 1L3DT2, (F) 0L3DT2, (G) 2L3DT3, (H) 1L3DT3, and (I) 0L3DT3

F IGURE 4 Illustrations of the cases for the examinations of the interactions between 2D hill and wind turbines. (A) 2L2DT1, (B) 1L2DT1,
(C) 0L2DT1, (D) 2L2DT2, (E) 1L2DT2, (F) 0L2DT2, (G) 2L2DT3, (H) 1L2DT3, and (I) 0L2DT3
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The contours of instantaneous vorticity in the y direction, ωy = ∂~w/∂x − ∂~u/∂z, mean streamwise velocity U, r.m.s. of the streamwise fluctua-

tions u, the streamlines, and the profiles of U and u on the y = 0 slice are presented in Figures 7 and 8. From ωy (Figures 7A and 8A), it is apparent

that there are many high-intensity vortices in the wake of the 3D and 2D hills; however, when the fluid is moving downstream, the turbulence

generated by the 3D hill is much weaker than that by the 2D hill.

TABLE 5 Case settings

Case

name

Longitudinal distance between wind

turbine and hill (Δx/L)
Scale of the wind

turbine (λw)
Diameter of the

rotor (D) (cm)

Hub height

(h) (cm)

Terrain

shape

Grid independency

examination

2L3DT1 2 1:1750 3.25 4 3D hill •

2L3DT2 2 1:1000 5.70 7 3D hill �

2L3DT3 2 1:700 8.14 10 3D hill �

2L2DT1 2 1:1750 3.25 4 2D hill �

2L2DT2 2 1:1000 5.70 7 2D hill �

2L2DT3 2 1:700 8.14 10 2D hill �

1L3DT1 1 1:1750 3.25 4 3D hill �

1L3DT2 1 1:1000 5.70 7 3D hill �

1L3DT3 1 1:700 8.14 10 3D hill �

1L2DT1 1 1:1750 3.25 4 2D hill �

1L2DT2 1 1:1000 5.70 7 2D hill �

1L2DT3 1 1:700 8.14 10 2D hill �

0L3DT1 0 1:1750 3.25 4 3D hill �

0L3DT2 0 1:1000 5.70 7 3D hill �

0L3DT3 0 1:700 8.14 10 3D hill �

0L2DT1 0 1:1750 3.25 4 2D hill �

0L2DT2 0 1:1000 5.70 7 2D hill �

0L2DT3 0 1:700 8.14 10 2D hill •

3D hill \ \ \ 3D hill �

2D hill \ \ \ 3D hill �

T1-flat \ 1:1750 3.25 4 Flat �

T2-flat \ 1:1000 5.70 7 Flat �

T3-flat \ 1:700 8.14 10 Flat �

Note: • means yes, � means no, and means the cases for grid independency examination.

TABLE 6 Parameters in grid independency examinations

Case name Grid level (n) Horizontal grid size in fine-grid domain (mm) Number of cells Time for calculation (h)

2L3DT1-1 1 10.0 ≈7.5 × 105 25

2L3DT1-2 2 8.0 ≈1.5 × 106 37

2L3DT1-3 3 5.6 ≈0.3 × 107 65

2L3DT1-4 4 4.0 ≈0.6 × 107 123

2L3DT1-5 5 2.8 ≈1.2 × 107 260

2L3DT1-6 6 2.0 ≈2.4 × 107 491

0L2DT3-1 1 10.0 ≈7.5 × 105 25

0L2DT3-2 2 8.0 ≈1.5 × 106 37

0L2DT3-3 3 5.6 ≈0.3 × 107 65

0L2DT3-4 4 4.0 ≈0.6 × 107 123

0L2DT3-5 5 2.8 ≈1.2 × 107 260

0L2DT3-6 6 2.0 ≈2.4 × 107 491
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For U contours (Figures 7B and 8B), on the upwind side, U exhibits an obvious accelerating trend around the hillcrest. Away from the crest,

the flow separates clearly. A separation bubble can be identified between x = 0.05 L and x = 1.1 L for the 3D hill and between x = 0.02 L and

x = 2.3 L for the 2D hill.

For u contours (Figures 7C and 8C), the fluctuation near the summit becomes weaker when the topography is changed from a 2D hill to a 3D

hill. The region with large fluctuations covers a wider region for the 2D hill, indicating a stronger mixing effect.

Mean velocity streamlines at y = 0 are presented in Figures 7D and 8D. In the wake of the 3D hill, there is no recirculation zone because of

the mean spanwise flow, which is discussed in detail in terms of the continuity governing equations by Ishihara et al.35 Further, it is important that

the streamlines upstream of the 2D hill are considerably steeper than those upstream of the 3D hill and that the region affected by the topogra-

phy is larger for the 2D hill. This implies that the 2D hill has a stronger effect on the wind turbine wake. The streamlines starting from the center

of the rotors (B-line) are also represented in Figures 7E and 8E. These streamlines are adopted for the superposition of the wind speed deficit, as

discussed in Section 3.4.5.

The profiles of U are shown in Figures 7B and 8B. Neglecting some small discrepancies in the hill wake region, the results for the mean veloci-

ties generally exhibit good agreement with the experimental data. From the profiles of the mean streamwise velocity in the far-wake region, we

observe that the recovery of the wind speed is slower for the 2D hill than for the 3D hill. In the present study, four lines (A-line, B-line, C-line, and

D-line) will be considered, which are summarized as:

• A-line: mean flow streamline of the flow fields considering both the terrain and turbine;

• B-line: mean flow streamline of the flow fields only considering the terrain;

• C-line: connection of turbine wake center at each y–z cross section;

• D-line: line with a vertical distance of hub-height on x–z slice.

F IGURE 5 Relative errors of (A) mean streamwise velocity, ϵU, and (B) turbulence intensity, ϵI, versus number of cells with horizontal axis in
the linear and vertical axis in the logarithmic presentation

F IGURE 6 Vertical profiles of (A) mean streamwise velocity and (B) turbulence intensity in the generated atmospheric boundary layer flow
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Vertical profiles of mean streamwise velocities at several locations from x = −L to x = 3 L with a step size of 0.5 L for the 3D hill are shown in

Figure 9A, respectively. The profiles are normalized by Uref. On the whole, the numerical results provide acceptable agreement with those in

experiment for the mean velocity components. At the upwind side, the streamwise mean velocity shows an obvious acceleration at the crest of

the hill where the vertical gradient of the streamwise mean velocity versus the height shows high value (see Figure 9A). After the crest, the flow

separation could be clearly identified. The reverse point, at which the flow direction is changed from positive to negative as approaching the sur-

face, emerges. The height of the reverse point decreases as increase the downstream distance and attaches the ground at the foot of the hill. The

region of the separation bubble is identified which starts at x = 0.9 h and ends at x = 2.5 h, same with the results from experiments by Ishihara

et al.36

F IGURE 7 Flow fields over a 3D hill in the absence of the wind turbine, (A) instantaneous vorticity in spanwise direction, (B) mean
streamwise velocity, (C) turbulence intensity, (D) streamlines, and (E) streamlines starting from the hub height of the wind turbine, on the vertical
plane y = 0
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The profiles of mean streamwise velocity for the 2D hill, as shown in Figure 10A, are normalized and scaled in the same way as those of the

3D hill (Figure 9a) for a clearly comparison between them. The shear layer and the region of separation bubble are determined and drawn as the

above presentations. Except for some little discrepancies in the wake region, the prediction of mean velocities overall provides good agreement

with the experimental data. The profiles of mean streamwise velocity in the far-wake region show that the recovery of the wind speed becomes

slower when the ground topography is 2D hill compared with 3D hill and separation bubble becomes larger The separation point and

reattachment point locate at 1.2 and 4.7 h, respectively. The locations of separation point and reattachment point are close to the experimental

results by Ishihara et al.36

F IGURE 8 Flow fields over a 2D hill in the absence of the wind turbine, (A) instantaneous vorticity in spanwise direction, (B) mean
streamwise velocity, (C) turbulence intensity, (D) streamlines, and (E) streamlines starting from the hub height of the wind turbine, on the vertical
plane y = 0

LIU ET AL. 11



In Figures 9B and 10B, the profiles of turbulence intensity I and a comparison with experimental results are presented. Turbulence intensity is

determined as the ratio of u to Uref; it agrees well with the experimental results. The height under which the profiles are distorted is considerably

higher for the 2D hill than for the 3D hill. The magnitude of u away from the wake region is larger for the 2D hill than the 3D hill. A sharp peak

appears at the hill summits for u; this can be observed in the snaps of simulations in Cao et al.48 and Tamura et al.,54 but not the case in the

F IGURE 9 Vertical profiles of (A) mean streamwise velocity and (B) turbulence intensity over 3D hill

F IGURE 10 Vertical profiles of (A) mean streamwise velocity and (B) turbulence intensity over 2D hill
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experiment. The reason of the difference perhaps emerges from the different wall conditions between the numerical model and the real experi-

mental model as well. The height under which the Iu profiles are distorted in the case of 2D hill is much higher than 3D hill. The magnitude of Iu in

the far-wake region of 2D hill (see Figure 10B) is larger compared with the case of 3D hill, which is due to the fact that in the case of 3D hill, the

flow with lower turbulence density around the wake could be transported into the wake region because of the existence of the mean spanwise

flow in the wake (even it is zero at the central slice) and this low turbulence flow will mix with flow in the wake; as a result, the turbulence in the

wake of 3D hill is reduced. In the case of 2D hill, the statistical flow field is not 3D but 2D, that is, the vertical distributions of the turbulence sta-

tistics do not change with the spanwise locations; therefore, the mixing of flow in the spanwise direction could not occur. Some overestimations

could be found for the turbulence intensity which were also found in the study by Cao et al.48 who applied LES turbulence model as well; there-

fore, further research is deserved to be carried out in the future to understand the reasons of these discrepancies.

3.4 | Flow interaction between typical topographies and wind turbines

In this section, the flow interaction between typical topographies and wind turbines is examined; further, the condition under which the superpo-

sition method can be adopted is clarified.

3.4.1 | Instantaneous vortical structures (ωy)

Wind turbines located at x = −2 L

Instantaneous vortical structures are illustrated by instantaneous ωy, shown in Figures 11–13, and streamlines starting from the nacelle after the

introduction of the turbines (thick dashed lines, “A-line”) and in the absence of the turbines (thick solid lines, “B-line”) are superimposed on them.

The mean flow streamlines were determined as a spatial curve drawn in the mean flow field, and on the curve, the velocity vectors of all particles

are tangent to this curve. The advection of the wake center, determined by the time-averaged locations with the strongest wind deficit on the

cross sections of the wake (y–z) slices, is plotted in dotted lines (“C-line”). Instantaneous ωy in Figure 11 indicates that the wake of the turbine

located at x = −2 L can be transported downstream of the 3D or 2D hills. The coupling effect between the turbine and hill is not as pronounced

upstream of the hill as it is downstream of the hill. Wind speed at the hill summit and mixing effect of hill-generated vortices downstream lead to

a faster wake diffusion. In addition, because of the advection of additional turbulence caused by turbines, the wake is larger in size than that in

the absence of turbines.

In particular, the wake flow of turbine T1 is the most diffused, and its wake recovery is the fastest (Figure 11A,B). The thickness of the hill-

induced wake is almost the same as that in the hub height of T1; thus, the mixing effect among T1 wake, ambient turbulent flow, and hill-induced

wake is more pronounced. The tip vortex is no longer visible beyond the summits of the hills for T1, whereas for T3, the tip vortex can extend

even to the region 4.2 D downstream of the hills (Figure 10C,F), thereby indicating a weaker interaction between the turbine-induced and

hill-induced wakes as the turbine size increases. Vortices generated by turbine T1 are approximately the same size as the hill vortices (Figure 11A,

D). As the size of the turbine increases, the size of the vortices created by it increases accordingly. For turbines T2 (Figure 11B,E) and T3

(Figure 11C,F), there is a significant difference in scale between the hill-induced and turbine-induced vortices, which is another probable reason

for their weak interaction when the aspect ratio h/H is high.

The vertical deflection of tip vortex over the 2D hill seems to follow the curvature of the topography (Figure 11d–f), while for the 3D hill, the

vertical deflection shows less pronounced inclination from x = −L to x = 0 L (Figure 11A–C). This is attributed to the fact that when the terrain is a

3D hill, the turbine-induced wake can flow around freely through the lateral sides of the hill, while for a 2D hill, there is no such passage, which

leads to a stronger elevating effect on the windward side of the 2D hill.

Wind turbine located at x = −1 L

When turbines are located 1 L upstream of the hills, flow patterns maintain the major features observed when the turbines are located at

x = −2 L, such as the inclination of tip vortices over the windward side of the hills, as shown in Figure 12. Compared to Figure 11, the inclination

of the wake is more evident. Furthermore, the discrepancy between the streamline over the hill and the wake center is more evident in the

absence of the turbine, and this may be a sign of a stronger interaction. Further, we can see that the region with energetic vortices covers a larger

area compared to the counterparts with the turbines located at x = −2 L; therefore, it may be difficult to apply superposition to predict the wind

speed deficit when the turbine is located at the upstream foot of a hill.

Wind turbine located at x = 0 L

When wind farms are constructed in complex terrains, wind turbines are located at the terrain top; therefore, it is important to examine interac-

tions between the summit-mounted turbine and the terrain. Instantaneous vorticities in this scenario are shown in Figure 13. When the turbine
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size is small (T1), the wind turbine and hill act together as a single obstacle (Figure 13A,D), and there is no obvious boundary between the turbine-

and hill-induced wakes; this indicates the almost full coupling effects. As evident in Figures 12D and 13A, after the introduction of the wind tur-

bine on the summit, the vortices in the flow downstream of the turbine become larger and exhibit a type of wavy shedding. The shedding fre-

quency is related to the wind speed, hill height, and turbine size. The shedding effects induce fast recovery of the wake flow, which is observed

again in the distribution of U. As the turbine size increases, wavy shedding becomes less obvious. In the case of T3 (Figure 13C,F), clear tip vorti-

ces emerge again.

3.4.2 | Mean streamwise velocity (U)

Wind turbines located at x = −2 L

Figure 14 shows the distribution of U normalized by Uref on the y = 0 plane when the wind turbines are at x = −2 L. It is once more evident that

with increased turbine size (T3), the deficit of the wind speed can extend even to 8 D downstream of the turbine (Figure 14C,F). In contrast, for

turbine T1 (Figure 14A,D), the deficit is almost completely diffused at the upstream foot of the hills. The wind speed-up ΔS, which is an important

parameter for evaluating wind resource, is defined as ΔS = ΔU/U0 = [U(x,z') − U0(z')]/U0(z'), where U(x,z') denotes the streamwise velocity at height

z' and U0(z') is the reference streamwise velocity at the same height in the absence of the topography and the turbine. It is interesting and impor-

tant that there exists a region characterized by extraordinarily high wind speed-up (ΔS ≈ 1.2), located in the layer between the turbine wake and

the hill summit. Wind passing the wind turbine should decelerate due to drag effects; however, according to the mass conservation law, the flow

near the outside boundary of the wind turbine wake accelerates, and it is further accelerated by the curved shape of the topographies. Owing to

F IGURE 11 Instantaneous vorticity on the vertical plane y = 0 for
(A) 2L3DT1, (A) 2L3DT2, (C) 2L3DT3, (D) 2L2DT1, (E) 2L2DT2, and
(F) 2L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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the relatively smaller diffusion effect and the relatively shorter distance to hill for the larger turbine, the acceleration around the wake is more pro-

nounced as h/H increases. For turbine T3 (Figure 14C,F), the region with high acceleration around the wake can even touch the hill summit,

thereby generating more evident wind speed-up than for turbines T1 (Figure 14A,D) and T2 (Figure 14B,E). In addition, when compared with the

3D hill (Figure 14A–C), stronger wind speed-up at the summit caused by the coupling of the wind turbine and the hill can be observed for the 2D

hill (Figure 14D–F). Further, this can be explained by the mass conservation law of the fluid. For the 2D hill, there is no passage for the fluid on

the lateral sides as in the 3D hill, and the accelerated fluid around the turbine wake can only flow following the curved shape of the 2D hill. This

means that the area for the flow to pass the 2D hill is smaller than that for the 3D hill. Consequently, the wind acceleration at the summit of the

2D hill is 1.2 times as strong as the 3D hill. This finding is important for the optimization of wind farms that use turbines with different hub heights

in complex topographies. The velocity magnitudes at the rotor are different for the three turbines. It is because that the ambient velocities are

low at the low elevation, but the decreased ratio of the velocity magnitude due to the drag of the wind turbine is close. The different velocity

magnitude may also due to the interaction between the turbine wake and the ground, because the turbulence characteristics over the ground are

different at different height.

Discrepancy between Lines A and C is evident for the 2D hill. This is an indication of the stronger interaction between the 2D hill and

the turbine wake. Further, it indicates that for the 2D hill, it is more difficult to determine the wake center using only the flow fields in

the absence of the wind turbine. However, when the aspect ratio h/H is sufficiently large and the topography is a 3D hill (i.e., T3 over the

3D hill; Figure 14C), Lines A and C are in nearly the same location, thereby implying that it is possible to determine the wake center using

only the information about the flow fields over the topography without the turbine and predict the wake flow by applying the

superposition method. This is important for optimizing wind farms in complex terrain using the analytical turbine wake model and genetic

algorithm (GA).

F IGURE 12 Instantaneous vorticity on the vertical plane y = 0 for
(A) 1L3DT1, (B) 1L3DT2, (C) 1L3DT3, (D) 1L2DT1, (E) 1L2DT2, and
(F) 1L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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Wind turbines located at x = −1 L

The contours of U for the cases with the turbine located at x = −1 L are shown in Figure 15. Reducing the distance between the wind turbine and

topographies can significantly accelerate the flow in between the turbine wake and the hill summit. The most evident increase in wind speed-up

(ΔS = 1.22) is found for turbine T1 (Figure 15A,D). Even though the acceleration of the flow near the hill summit is stronger as the distance

decreases, the region of the flow with high speed-up is compressed to a thinner layer than for the cases 2 L upstream of the hill (Figure 15). Owing

to this strong jet, it is more difficult to reattach the flow to the ground; therefore, the recirculation bubble behind the hill is stretched, and the

wind speed in the bubble is weakened. After the 3D hill summit, the turbine wake shows an apparent downward inclination, which is not observed

for the 2D hill. This is probably because of the stronger jet flow near the 2D hill summit, which maintains the center of the turbine wake as a

nearly horizontal line. Further, it can be observed that decreasing the distance between the hill and the topographies makes it considerably easier

for the turbine-induced wake to mix with the hill-induced wake. For example, the apparent mixture of the wakes starts from x = 2 L for turbine T3

located 1 L upstream of the 3D hill (Figure 15C); in contrast, when turbine T3 is located 2 L upstream of the 3D hill (Figure 14C), the separation of

the turbine- and hill-induced wakes is clear.

Wind turbines located at x = 0 L

For turbine T1, the height of the wake center is much lower than the height of Line A, as shown in Figure 16A,D. This is attributed to the abruptly

full coupling effect between the turbine and the hill. For larger wind turbines, the difference between the wake center and Line A is less evident,

and when mounted at 0 L, the separation between the turbine- and hill-induced wakes is much clearer than that when mounted 1 L upstream.

Furthermore, in contrast to the cases with the turbine mounted 2 L and 1 L upstream of the hill (Figures 14 and 15), at 0 L, there is almost no

upward motion of the accelerated flow near the hill summit.

F IGURE 13 Instantaneous vorticity on the vertical plane y = 0 for
(A) 0L3DT1, (B) 0L3DT2, (C) 0L3DT3, (D) 0L2DT1, (E) 0L2DT2, and
(F) 0L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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3.4.3 | Streamwise turbulence intensity (I)

While mean streamwise velocity is important to predict wind energy and to optimize the wind farm, turbulence intensity is a critical parameter for

determining the fatigue loads of wind turbines55–57 and the key parameter for modeling wake recovery.34,58,59 Thus, it is meaningful to provide

information about turbulence intensities.

Wind turbines located at x = −2 L

The contour of I is shown in Figure 17, with streamlines starting from the rotor center without the wind turbines and the locations of the

turbine wake center superimposed. At the upstream foot of the hills, the horseshoe vortex caused by the blocking effects of the topogra-

phies is enhanced by the introduction of the turbines. This horseshoe vortex is very close to the ground; therefore, the interaction with

the turbine wake is clear only for low turbines (T1 and T2). This interaction seems increasing the vorticity of the turbine wake flow, as can

be seen in Figures 11, 12, and 13 about the vorticity of the flow on x–z slice. The turbulence intensity downstream of the hills is intensi-

fied when the wind turbines are mounted upstream. This effect is more pronounced as wind turbine size increases or when changing the

shape of the topography from 3D to 2D hill. For the case 2L2DT3 (Figure 17F), both the height and length of the region with I = 15% are

almost doubled similar to those in the absence of turbines (Figure 10). The enhancement of the turbulence in the hill wake is likely caused

by two factors: the additional turbulence from the wind turbine wake and the higher energetic flow acceleration near the hill summit after

the introduction of the wind turbines, which can cause stronger flow separation and transport the generated turbulence to a location fur-

ther downstream.

F IGURE 14 Mean streamwise velocity on the vertical plane y = 0:
(A) 2L3DT1, (B) 2L3DT2, (C) 2L3DT3, (D) 2L2DT1, (E) 2L2DT2, and
(F) 2L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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Wind turbines located at x = −1 L

Figure 18 shows the turbulence intensity when the wind turbine is located 1 L upstream. It is evident that compared with the cases when the tur-

bines are 2 L upstream from the topographies, the coupling effects are more obvious and the turbulence in the hill wakes is intensified in terms of

both the magnitude and the area.

Wind turbines located at x = 0 L

From the contours of the turbulence intensity, the mixture of wakes for turbine T1 mounted at the hill summits is obvious, as seen in Figure 19A,D.

In the near-wake region, the wake caused by the disturbance of turbine T1 and that caused by the hill are almost fully merged. High turbulence inten-

sity that occurs in the recirculation bubble in the absence of the wind turbine disappears, leaving a relatively quiet area on the leeside of the hills. This

feature is also observed for turbine T2 on the 2D hill (Figure 19E). As the wind turbine size increases, the region with high turbulence intensity near

the leeside of the hills appears again.

3.4.4 | Superposition method examination for mean streamwise velocity

To clarify the conditions under which the superposition method can be adopted, profiles downstream from wind turbines with distances 0.5 L, 1.0 L,

…, 4.0 L are plotted in Figures 20–22, where the results from the simple superposition method are also drawn. In the superposition method, the wake

deficit obtained from the turbines mounted on a flat ground is superposed following Line B (brown dashed line) and Line D (blue dashed line).

F IGURE 15 Mean streamwise velocity on the vertical plane y = 0:
(A) 1L3DT1, (B) 1L3DT2, (C) 1L3DT3, (D) 1L2DT1, (E) 1L2DT2, and
(F) 1L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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These two lines were chosen to test the superposition method because Line B is close to the real center of the wind deficit, thereby making it possi-

ble to reproduce the turbine wake flow over topographies successfully, while Line D is the location where the wind deficit is added in most wake

models in complex topographies.16,60 The relative errors of the superposition methods are plotted as bars at the top of each profile; the relative

errors are determined as

ϵUB =

Ð z0 =5H
z0 =0 UH –UBj jdz0Ð z0 =5H
z0 =0 UH –UWj jdz0

ð5Þ

ϵUD =

Ð z0 =5H
z0 =0 UH –UDj jdz0Ð z0 =5H
z0 =0 UH –UWj jdz0

ð6Þ

where UH is the mean streamwise velocity considering both the hill and the turbine in the simulations; UB is the mean streamwise velocity

predicted using the superposition method with the wake center following Line B; UD is the mean streamwise velocity predicted using the superpo-

sition method with the wake center following Line D; UW is the mean streamwise velocity in the absence of wind turbine; ϵUB is the relative error

of the B-line superposition method; and ϵUD is the relative error of the D-line superposition method. All plotted relative errors using bars are in

the same scale.

F IGURE 16 Mean streamwise velocity on the vertical plane y = 0:
(A) 0L3DT1, (B) 0L3DT2, (C) 0L3DT3, (D) 0L2DT1, (E) 0L2DT2, and
(F) 0L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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Wind turbines located at x = −2 L

It is evident that hill-generated turbulence diffuses the wake deficit, as shown in Figure 20. The relatively sharp decrease in wind speed at the

boundary of the turbine-induced wake is greatly smoothed, and this smoothing effect weakens as wind turbine size increases. When the small tur-

bines (T1 and T2) interact with the hills, the flow caused by the disturbance of the hills recovers considerably faster, exhibiting a smaller vertical

gradient than that caused by only the hills. This is not the case, however, for the T3 turbine, whose wake effects can propagate to the region

beyond x = 2.0 L and for which the mean streamwise velocity close to the ground shows almost the same distribution as that caused by only the

terrain. The implication is that the wake effects caused by the turbine and the terrain may be considered separately, and there is a possibility of

applying the superposition method.

For ϵUB and ϵUD , the B-line method performs better than the D-line method. The error is dominant in the region downstream of the hills, espe-

cially in the hill wake region (0.0 L < x < 2.0 L); it can even reach over 60% for turbine T1 at x = 0.0 L. The smallest error is for 2L3DT3, as shown

in Figure 20C. For 2L3DT3, the error of the B-line method is less than 15% even in the near-wake region. Moreover, for 2L3DT3, the improve-

ment of the B-line method relative to the D-line method is the most obvious. Nevertheless, owing to the faster recovery of the T3 wake over the

2D hill caused by the stronger turbulence in the hill wake and more evident interactions (Figure 20F), both the B-line and D-line methods perform

poorly in predicting the T3 wake flow in the region downstream of the 2D hill. The relative error is about 30%, which is still considerably less than

the errors for turbines T1 and T2, whose value in the far-wake region x > 2 L is over 60%. Considering the applicability of the superposition

method for predicting U, we can therefore conclude that when the wind turbine is mounted 2 L upstream of the hills, only the B-line method can

be adopted and applied for wind turbines with hub heights no less than 2.5 times the hill height. Notably, for 3D hill, B-line method performs

worse than D-line method at the locations just downstream the hill for the turbines T1 and T2. And for 2D hill, B-line method performs worse

than D-line method at the hilltop.

F IGURE 17 Turbulence intensity on the vertical plane y = 0:
(A) 2L3DT1, (B) 2L3DT2, (C) 2L3DT3, (D) 2L2DT1, (E) 2L2DT2, and
(F) 2L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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Wind turbines located at x = −1 L

The wind turbine wake center is still well predicted by the streamlines starting from the nacelle, as shown in Figure 21; however, because of the

strong mixture of the wake flow downstream from the hill, the superposition method greatly overestimates the wind deficit. At x = 3.0 L, the

overestimation of the B-line method in 1L3DT3 reaches 62% (Figure 21C). For 1L2DT3 (Figure 21F) as presented above, there is a relatively clear

separation between the turbine-induced wake and the hill-induced wake, with the result that the superposition method performs even better; the

averaged ϵUB downstream from the wind turbine is about 25%. However, the performance of B-line method is worse than D-line method in the

near-wake region of turbine T1.

Wind turbines located at x = 0 L

The fast recovery of the wake flow for turbine T1 can be clearly identified from the plot of U profiles, shown in Figure 22A,D; the profiles with

and without the wind turbine are almost identical at the locations beyond x > 3.0 L. For turbine T3 (Figure 22C,F), there is no apparent boundary

in the turbine-induced wake, and it shows a smooth decrease of the wind speed closer to the wake center. In addition, even B-line method per-

forms better than D-line method at all the locations, the superposition method shows large discrepancies (ϵUB > 30%) with the simulated results

for all cases at x > 1.0 L, which indicates the failure of this method when the wind turbine is mounted on the hill summit.

3.4.5 | Summary of superposition method

Based on the examination of the two superposition methods, it is clear that only the B-line method can provide satisfactory predictions in scenar-

ios; therefore, in this section, the overall performance of the B-line superposition method is investigated. The global difference between B-line

F IGURE 18 Turbulence intensity on the vertical plane y = 0:
(A) 1L3DT1, (B) 1L3DT2, (C) 1L3DT3, (D) 1L2DT1, (E) 1L2DT2, and
(F) 1L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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and wake center, ϵS, and the global difference between the mean streamwise velocity based on B-line superposition method and the directly sim-

ulated mean streamwise velocity, ϵGB, are, respectively, determined as

ϵS =

Ð x0 = L
x0 =0L z

0
B – z

0
W

�� ��dx0Ð x0 =4L
x0 =0L z0

W

�� ��dx0 ð7Þ

ϵGB =

Ð x0 =4L
x0 =0L

Ð z0 =5H
z0 =0 UH –UBj jdz0dx0Ð x0 =4L

x0 =0L

Ð z0 =5H
z0 =0 UH –UWj jdz0dx0

ð8Þ

Parameter ϵS is shown in Figure 23A. The general trend is that increasing the ratio h/H or altering the hill shape from 2D to 3D hill reduces ϵS and

ϵGB. The smallest differences occur for case 2L3DT3, where ϵS = 1.8% and ϵGB = 12%, and the largest ones for case 0L2DT1, where ϵS = 19% and

ϵGB = 61%. In addition, when ϵS is small, ϵGB also tends to be small. For any optimization of turbine layout in an onshore wind farm, we have to

firstly obtain the flow fields over the terrain. After obtaining the flow fields over the terrain, we can superpose analytical wake model (without

considering the terrain effects) on the obtained flow fields over terrain. From the above analysis, we can find that the location to do the superpo-

sition is a crucial factor. In addition, when using the simple B-line superposition method, the predicted mean streamwise velocity is below 20%

only when h/H is larger than 2.5 and the distance between the wind turbine and the hill is larger than 1 L. At x = 0, the superposition based on B-

line fails, and the errors reaches more than 35%.

F IGURE 19 Turbulence intensity on the vertical plane y = 0:
(A) 0L3DT1, (B) 0L3DT2, (C) 0L3DT3, (D) 0L2DT1, (E) 0L2DT2, and
(F) 0L3DT3. Mean flow streamlines from the wind turbine hub with
wind turbine (A-line) illustrated by dashed lines, those without wind
turbine (B-line) illustrated by solid lines, and the locations of the wake
center (C-line) illustrated by dotted lines are superimposed
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F IGURE 20 Vertical profiles of mean streamwise velocity on the vertical plane y = 0: (A) 2L3DT1, (B) 2L3DT2, (C) 2L3DT3, (D) 2L2DT1,
(E) 2L2DT2, and (F) 2L3DT3
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F IGURE 21 Vertical profiles of mean streamwise velocity on the vertical plane y = 0: (A) 1L3DT1, (B) 1L3DT2, (C) 1L3DT3, (D) 1L2DT1,
(E) 1L2DT2, and (F) 1L3DT3
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F IGURE 22 Vertical profiles of mean streamwise velocity on the vertical plane y = 0: (A) 0L3DT1, (B) 0L3DT2, (C) 0L3DT3, (D) 0L2DT1,
(E) 0L2DT2, and (F) 0L3DT3
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4 | CONCLUSIONS

In the present study, the effects of hill shapes on the interaction between the turbine wake and the hill wake are revealed. The performance of

two superposition methods is evaluated, and the condition under which the superposition method can be adopted is examined. The following

conclusions can be drawn from the findings in this study:

1. When the ratio of the height of the wind turbine to the height of hill, h/H, is smaller than 1, the turbine-induced vortices interact strongly with

the near-ground vortices in the ambient turbulence flow and hill-induced vortices. Consequently, the separation between turbine wake and

the hill wake is unclear. For h/H > 2, the turbine wake and the hill wake show considerably obvious separations, and the wind deficit follows

the streamline starting from the rotor center obtained in the absence of the wind turbine.

2. As the distance from the wind turbine to the hill is reduced, the interactions become stronger, and the recovery of the wind deficit is quicker.

For the turbine with h/H = 1 mounted at the hilltop, the turbine wake and the hill wake show almost a full mixture; a large-scale wavy structure

appears downstream the wind turbine.

3. The change in the terrain shape from a 3D hill to a 2D hill influences the wind fields downstream the wind turbine and the hill. First, the wind

speed-up at the hill summit is enhanced for the 2D hill. Second, the interaction is reduced for the 3D hill.

F IGURE 23 Relative errors of the B-line superposition method. (A) Difference between the wake center and B-line and (B) difference
between the flow fields by B-line superposition method and the modeled flow fields
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4. The location of the wake center almost follows the streamline starting from the rotor center when the wind turbine is safely upstream of the

hill (Δx > 2.5 H). The superposition of the wind deficit needs to be added along the streamline starting from the rotor center obtained in the

absence of the wind turbine, instead of from the location with a vertical distance h to the local ground.

5. The difference between the wake center and the streamline starting from the center of the rotor obtained in the absence of the wind turbine

increases as Δx decreases, as h/H decreases, or when changing the terrain shape from 3D hill to 2D hill. Furthermore, the difference between

the mean streamwise velocity obtained using the B-line superposition method and that of the directly modeled flow fields is less than 20%

when the wind turbine with h/H = 2.5 is mounted 2 L upstream of the hills. At x = 0, as the most typical installations, the superposition based

on B-line fails, and the errors reaches more than 35%.

Although the present LES evaluates the geometrical parameters in a narrow range, the trends of the key parameters in the flow interactions

between the wind turbine and the hill are clear. The stratification condition61,62 and the hill slope,63 which play important roles in flow interac-

tions, are not considered in this study and should be examined in the near future. Conditions under which the superposition method can be

adopted should be further verified by observation of real wind farms in complex terrain. The extent of the difference when different superposition

methods are adopted to optimize the wind turbine locations in complex terrain is another topic that should be investigated further. More impor-

tantly, for real topographies, the upstream hills would disturb the flow fields over the downstream hills. Due to the additional turbulence caused

by the upstream hills in the real complex topographies, the wake effects from the turbine and the hill will show stronger mixing effects; as a result,

the flow behind the turbine will recover the ambient flow quickly, and the accuracy of the superposition method proposed in the present study

may decrease. Therefore, the application of the present results should be limited in a narrow range of the real topographies, such as an isolated

ridge or an isolated hill.
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NOMENCLATURE

a axial induced factor

a' tangential induced factor

B number of blades

c chord length [m]

CD drag force coefficient

CL lift force coefficient

d distance to the closest wall [m]

dFD drag force on the blade element [N]

dFL lift force on the blade element [N]

fi source term in N–S equation [N m−3]

h hub-height [m]

H height of the hill [m]

I turbulence intensity

IGn turbulence density at the grid level n

L radius of the hill [m]

Ls SGS mixing length [m]

Lu,x integral length scale [m]

~p filtered pressure [N m−2]

r radial location [m]

~Sij rate-of-strain tensor

U time-averaged streamwise velocity [m s−1]

U0 incoming wind velocity [m s−1]

UGn mean streamwise velocity at the grid level n [m]

Un axial velocity at the local blade element [m s−1]

Uref, reference velocity [m s−1]

Uθ tangential velocity at the local blade element [m s−1]

~ui filtered velocities [m s−1]
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u* friction velocity [m s−1]

V relative velocity respecting to the blade element [m s−1]

x, y, z Cartesian coordinates [m]

z0 surface roughness length [m]

zs shape of the topographies [m]

GREEKS

α angle of attack [�]

α0 power-law exponent for the mean streamwise velocity

γ local pitch angle [�]

δij Kronecker delta

δn distance between the cell center and the wall [m]

Δt time step size [s]

Δt* convective time units

Δx distance between the wind turbine and the hill [m]

Δχi grid size [m]

ϵI relative errors of the mean streamwise velocities

ϵU relative errors of the mean streamwise velocities

ϵUB relative errors of B-line method

ϵUD relative errors of D-line method

θ tangential direction

κ von Kármán constant

λ tip speed ratio

μ air viscosity [Pa�s]
μt SGS turbulent viscosity [Pa�s]
ρ air density [kg m−3]

τij SGS stress [N m−2]

φ angle between the relative velocity and the rotor plane [�]

Φ azimuthal angle [�]
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