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Abstract: The Reynolds-averaged Navier–Stokes (RANS)-based generalized actuator disc method
along with the Reynolds stress model (AD/RANS_RSM) is assessed for wind turbine wake simulation.
The evaluation is based on validations with four sets of experiments for four horizontal-axis wind
turbines with different geometrical characteristics operating in a wide range of wind conditions.
Additionally, sensitivity studies on inflow profiles (representing isotropic and anisotropic turbulence)
for predicting wake effects are carried out. The focus is on the prediction of the evolution of wake
flow in terms of wind velocity and turbulence intensity. Comparisons between the computational
results and the measurements demonstrate that in the near and transition wake region with strong
anisotropic turbulence, the AD/RANS_RSM methodology exhibits a reasonably good match with all
the experimental data sets; however, in the far wake region that is characterized by isotropic turbulence,
the AD/RANS_RSM predicts the wake velocity quite accurately but appears to over-estimate the
wake turbulence level. While the introduction of the overall turbulence intensity is found to give
an improved agreement with the experiments. The performed sensitivity study proves that the
anisotropic inflow condition is recommended as the profile of choice to represent the incoming
wind flow.

Keywords: wind turbine wake; actuator disc model; Reynolds stress model; Sexbierum wind farm;
wind tunnel; wake recovery; turbulence intensity

1. Introduction

Wind turbine wake effects are associated with a decrease in the downstream wind speed and an
enhancement in the turbulence fluctuations, which further results in a reduction in the power output
and a high risk of structural fatigue issues for downstream turbines. Reliable methods for the accurate
modelling of wake effects are imperative, ultimately, for optimizing the layout and mitigating fatigue
hazards of turbines within wind farms. As computational power continues to grow and numerical
techniques are continuously refined, computational fluid dynamics (CFD) is rapidly being adopted as
a key tool for wind turbine wake simulations [1–4]. In this process, accurate modellings of the turbine
rotor and turbulent flow are two crucial points and ongoing challenges.

For the first key point, the approaches that exist to represent the turbine rotor are summarized as
full rotor approach (direct approach) and generalized actuator approach [5]. Due to its high demand
for computing resources, the full rotor method is seldom applied in engineering practice, especially
for wind farm simulations. The most commonly used approach is the generalized actuator method,
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including actuator disc (AD), actuator line (AL), and actuator surface (AS) models. Among the three of
them, the AD model, with the fundamental idea of using a permeable disc of an equivalent area to
represent the turbine rotor, has been a popular tool of the renewable energy industry for wind turbine
wake simulations [6–10]. Despite its simplicity, this AD model has proved its abilities of predicting
wake effects with reasonable accuracy for isolated wind turbines [5,9,11–13], as far as the far wake
is concerned.

Another important piece is to model the turbulent wind flow. It was realized early that
Reynolds-averaged Navier–Stokes equations (RANS) in association with the AD approach (AD/RANS)
are a promising concept to predict the wake flow. Turbulence models for RANS equations are numerous;
for wake simulations, the most popular and widely used ones are the standard k-ε model and the
shear stress transport (SST) k-ω model. However, previous works [1,8,11,14,15] consistently indicated
that when combined with the AD approach, these two-equation turbulence closures failed to predict
the wake behavior accurately. Réthoré [16] and Laan et al. [11] explained that the failures of these
two-equation models are attributed to the limitations of the Boussinesq hypothesis. Accordingly, a
series of modified turbulence models was continuously proposed to address the weakness of the
Boussinesq hypothesis, and it was declared that the obtained results featured a higher accuracy than
those from the standard models. However, as noted by Shives [8] and Hu et al. [3], many of these
modified models are heavily dependent on the empirical correction of turbulence production or
dissipation, and the general applicability of them meets a big challenge.

On the other hand, Gómez et al. [17] found out that an intense anisotropic turbulence exists in
the near wake flow and indicated that rather than the isotropic turbulence models, the Reynolds
stress model (RSM), accounting for the anisotropic turbulence stresses, was potentially the most
performant model. Cabezón et al. [18] compared various k-ε-based turbulence models and the RSM,
then illustrated that RSM estimated the wake deficit accurately in both near and far wake flow, and
also gave acceptable predictions of the turbulence intensity. Additionally, Makridis et al. [9] found
out that with the RSM the predicted wake deficit was in good agreement with the measurements at
hub height. Furthermore, in the work of Hu et al. [3], RSM showed a good performance in predicting
the turbine wake properties as compared with the wind tunnel test data. All these works proved that
RSM can give a better solution than isotropic models. By contrast, Nguyen et al. [19] tested four classic
turbulence models and indicated that the best agreement with experimental data was obtained with
the standard k-εmodel instead of the RSM. Besides, [8,20] pointed out that the complexity of RSM does
not always guarantee to give the best results compared to the simpler one- or two-equation turbulence
models. To sum up, on one hand, a number of studies have been performed to provide insight into
the performance of the RSM, but the findings are not conclusive. On the other hand, most studies
have employed a limited set of cases for validation; thus, the generalization of the findings may not be
fully supported.

Therefore, in this present work, a comprehensive analysis is performed to evaluate the accuracy of
the AD/RANS method with the RSM (for convenience, this is herein referred to as the AD/RANS_RSM
methodology) for wind turbine wake simulations. In this process, the wide diversity of the test cases
and analyzed parameters helps to scrutinize the performance of the AD/RANS_RSM methodology and
support the generalization of the findings of the present study. In addition to this, it has been found
that the inlet conditions affect the CFD modelling significantly [21]. However, different expressions
of the inlet profile were used in previous works, such that [19,22] used isotropic inflow conditions,
while [3,9,18] employed anisotropic profiles. Therefore, a sensitive analysis of the influence of distinct
inflow profiles on wake predictions when using the AD/RANS_RSM method is desirable, which is
going to be conducted in this study.

The paper is prepared in the following manner. Sections 2 and 3 are dedicated to introducing the
theoretical backgrounds of the AD/RANS_RSM methodology and the computational settings. A case
description, sensitivity analysis of inflow conditions, and performance comparisons and discussions
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of the AD/RANS_RSM method are presented in Section 4. Finally, concluding remarks are made in
Section 5.

2. Numerical Methodologies

2.1. Governing Equations

The incompressible steady RANS equations are used for simulating the atmospheric turbulent
wind flowing through wind turbines, which can be written in Cartesian coordinate as follows:

∂ui
∂xi

= 0 (1)

ρu j
∂ui
∂x j

= −
∂P
∂xi

+
∂
∂x j

[
µ

(
∂ui
∂x j

+
∂u j

∂xi

)
− ρu′iu′ j

]
+ ρ fturb (2)

where ρ is the air density, P is the pressure, xi is the coordinate system, ui or uj is the velocity vector (u,
v, w), µ is the fluid dynamic viscosity, −ρu′iu′ j is the unknown Reynolds stress tensor, and fturb is the
force exerted by the disk on the fluid, which will be discussed in Section 2.3.

2.2. Reynolds Stress Model (RSM)

Previous works [1,8,11,14] stated that the intrinsic feature of the neutral atmospheric turbulence
is anisotropic, and the RSM has the potential of accurately predicting the anisotropic atmospheric
turbulence as well as the anisotropic wake, which is an important advantage as the eddy viscosity
approach is avoided, and relies on the exact Reynolds stress transport equation. In this RSM, the
turbulence closure is achieved by applying one transport equation for each individual component of
the Reynolds stress tensor and additionally one equation for the dissipation rate ε, corresponding
to 6 + 1 = 7 equations; this further makes the RSM the potentially higher-level and physically the
most complete model. The linear pressure-strain RSM is employed in the present work, and detailed
information and formula can be found in the ANSYS fluent manual [23]. Since the number of transport
equations is increased, RSM requires on average 50–60% more computational time and 15–20% more
CPU memory when compared to the eddy-viscosity-based models like k-ε or k-ω models.

2.3. Actuator Disc Model

The one-dimensional actuator disc (AD) [8,14] technique is proposed with the basic idea of
representing the turbine rotor by a porous disk on which a thrust force fturb is evenly distributed.
Without considering blade rotation effects, the AD model cannot provide a precise description of the
near wake flow within 3D (D is the turbine diameter). However, it has proven its adequate capability
to model the far wake flow where the swirl effect is assumed to be dissipated [1,8,19,24]. In the AD
method, the turbine-induced force is incorporated into the RANS equations (see Equation (2)) as a
negative source term, which is described as:

fturb = S·∆P = 0.5·ρu0,hub
2
·Ct·πD2/4 (3)

where u0,hub is the incoming wind speed at hub height, Ct is the thrust coefficient that can be obtained
from the Ct—velocity curve of the turbine. From Equation (3), it can be seen that the calculation of fturb
only requires the rotor diameter D, the thrust coefficient, and the incoming hub height wind speed,
which are usually available for turbines.
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3. Computational Settings

3.1. Computational Domain and Boundary Conditions

The computational domain is constructed according to the Architectural Institute of Japan (AIJ)
guidelines [25], as illustrated in Figure 1a with its main boundary conditions, and this domain is
used for all the test cases. Moreover, the corresponding computational settings are summarized in
Table 1. For the ground layer, the grids are refined to gain y+ values between 30 and 300 (it is in the
accepted range for the wall function approach used in the computations), getting nearly 50 nodes
below hub height for all the test cases. In order to resolve the strong gradients around the turbine
rotor, a high concentration of grid points is distributed in the vicinity of the rotor, with the generated
mesh shown in Figure 1b. Finally, the total number of grid points used for the computations is around
3.8 million. Similar grid resolutions have been employed in previous studies [1,7,14,15] that used the
actuator-type models, and they have been proven sufficient to capture the wake characteristics behind
a single turbine.
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Figure 1. (a) Computational domain with its main boundary conditions and (b) computational mesh in
the vicinity of the turbine rotor.

Table 1. Summary of computational set-up in the computational fluid dynamics (CFD) models.

CFD Computational Settings

Computational domain size 35D in the axial direction (x), 8D in the cross direction (y) and 7H in the vertical
direction

Grid growing ratio At most 1.06 in both horizontal and vertical directions

Wall layer grids y+ ~ [30, 300]

Turbine rotor Additional source term (described in Section 2.3)

Inflow boundary Profiles of incoming wind flow quantities (described in Section 3.2)

Outflow boundary Zero gradient condition

Ground No slip boundary condition with the modified wall function in [21]

Lateral boundaries Symmetry condition

Top zone Dirichlet boundary condition with a fixed velocity and turbulence

Solving algorithm
SIMPLEC algorithm for the pressure-velocity coupling, Least squares cell-based
gradient scheme for diffusion term, second order difference schemes for
pressure and advection terms

Convergence criteria Below 1 × 10−6 for scaled residuals of all variables

3.2. Isotropic and Anisotropic Inflow Conditions

For every CFD analysis, accurate inflow conditions are paramount to the fidelity of the outcome.
It was observed [21,26] that on one hand, wind turbine wake problems are very sensitive to inflow



Energies 2019, 12, 4026 5 of 14

conditions; on the other hand, different expressions of the inlet profile exist in the literature when
using the RSM. Therefore, a sensitive analysis of the influence of incoming wind profiles on the
downstream wake flow was performed. The adopted inflow profiles (which are classified into isotropic
and anisotropic inflow profiles) are listed in Table 2, in which the velocity profile u(z) is characterized
by the power law, which is widely used in wind engineering applications due to its simplicity and
practicality. As regarding the turbulence quantities k, ε, and ω, they are fundamental for the RSM
but difficult to be estimated directly; instead, it is an effective way to relate them to easily obtained
parameters such as the wind speed u and turbulence intensity TI. Therefore, the mostly used relation
typically resorted to is to derive k using Equation (6). Accordingly, the values of ε and ω are estimated
with the assumption of a local equilibrium, as given by Equations (7) and (8).

Table 2. Summary of adopted turbulence profiles required at the inlet and outlet boundaries.

Isotropic Inflow Profiles Anisotropic Inflow Profiles

Vertical velocity profile u(z) u(z) = uhub
(

z
zhub

)α
(4)

Vertical profile of turbulence
intensity TI(z) TI(z) = 0.1

(
z

zhub

)(−α−0.05) (5)

Vertical profile of turbulent
kinetic energy k(z)

k(z) = 1.5(u(z)·TI(z))2 for isotropic inflow;
k(z) = 0.95·u′u′(z) , where u′u′(z) = (u(z)·TIu(z))

2 for anisotropic
inflow

(6)

Vertical profile of turbulence
dissipation rate ε(z) ε(z) = Cµ1/2k(z) uhub

zhub
α
(

z
zhub

)(α−1) (7)

Vertical profile of specific
turbulence dissipation rate ω(z) ω(z) = Cµ−1/2 uhub

zhub
α
(

z
zhub

)(α−1) (8)

Reynolds stress profiles u′iu′ j(z)
if i = j u′ iu′ i

k = 2
3 ;

else u′iu′ j = 0
(9)

u′u′
k = 1.054; v′v′

k = 0.660;
w′w′

k = 0.286; u′w′
k = −0.183;

u′v′ = v′w′ = 0

(10)

Turbulence model constants Cµ = 0.09 Cµ = 0.033

It should be noted that the RSM in ANSYS FLUENT requires boundary conditions for each of the
Reynolds stresses u′iu′ j. If their values are not specified explicitly at the inlet, then the turbulence is
assumed to be isotropic (as described by Equation (9)); if the anisotropic property of the atmospheric
boundary layer (ABL) turbulence is considered, the normal and shear Reynolds stress profiles have the
form as given in Equation (10) [9,27]. Note that for these two types of inflow conditions, the profiles
of u, TI, ε, and ω are identical, in which the variables uhub and TIhub are defined at a reference height,
i.e., hub height, and α is the power-law exponent that can be determined according to the surface
roughness categorization [28] upwind of the site. Note that the value of α is set to be 0.15 for all the
following test cases. On the other hand, the difference between two sets of profiles reflects in three
aspects: (1) calculation of the turbulence kinetic energy k; (2) the expression of each Reynolds stress; (3)
the value of the RSM constant Cµ [2].

4. Results and Discussion

The wind turbine wake area is typically divided into two parts [17]: near wake and far wake.
The former is the region that falls in the range of 2D (D is the rotor diameter of the turbine) to 5D
downstream from the rotor disc, after which there is a small transition zone leading to the far wake
region, where the wake is completely developed. Correct prediction of the wake recovery in terms
of wind velocity and turbulence intensity is of paramount importance for the accurate estimation of
power production and fatigue impact on downstream facilities. Thus, in the following part, special
emphasis will be placed on quantifying the predicted magnitude and spatial distribution of the wake
velocity and the enhancement of the turbulence level in the wake flow.
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4.1. Case 1: Wind Tunnel Experiment (WiRE Rotor)

In 2009, wind tunnel experiments [29] were carried out in the St. Anthony Falls Laboratory
atmospheric boundary-layer wind tunnel. The studied object was a miniature wind turbine with a
three-blade GWS/EP-6030 rotor attached to a small DC generator, and it had a rotor diameter D = 0.15
m and a hub height zhub = 0.125 m. High-resolution spatial and temporal measurements were collected
using a three-wire anemometer, and key turbulence quantities at different downstream locations (x/D
= 3, 5, 7, 10, 14, 20) at zero span ((x, z)|y=0) were obtained and analyzed. The inflow wind speed and
turbulence intensity at the hub height were estimated to be 2.2 m/s and 6.8%, respectively. Then based
on the calculation of axial force, the thrust coefficient Ct was estimated as 0.56 [30].

Figure 2 displays vertical profiles of the flow statistics (including the stream-wise velocity and
the stream-wise turbulence intensity) obtained from AD/RANS_RSM simulations under two inflow
conditions. Moreover, results from both the wind tunnel experiment and simulations of Wu et al. [4]
were gathered for cross validation. From Figure 2a, it can be seen that the AD/RANS_RSM presents
acceptable prediction of the wake velocity in the near wake and transition regions (x < 5D), while the
velocity is slightly over-predicted in the center of the wake; this over-prediction was also reported
in [4] using the AD/LES (large-eddy simulation) method, as the blue lines show in this figure. This
discrepancy can be attributed to the limitations of the assumptions made in the one-dimensional AD
model [7,30]: (1) the effect of turbine-induced rotation is ignored; (2) the effect of turbine hub and
nacelle are ignored; and (3) uniform force instead of radial variant force distributed over the AD
surface. When it comes to the far-wake region (x > 5D), the predictions of AD/RANS_RSM improved
and providing an excellent agreement with the wind tunnel data throughout the entire far wake. We
can also note that the predictions obtained under the two inflow conditions are quite similar to each
other, with the simulated wake velocity under the anisotropic condition closer to the measurements
(both in terms of the deficit amplitude and the shape) than that under the isotropic condition.
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Focusing on the stream-wise turbulence intensity (TIu) provided by the AD/RANS_RSM method,
it is possible to see that at the near wake locations of 3D and 5D, the simulations match very well the
experimental observations; however, the agreement was not good for the locations further downstream
(x > 5D) where an obvious over-estimation can be observed. This varied performance existing in the near
and far wake regions was also observed in previous works [3,8,18] and might be due to the following
reasons: the turbulence characteristic in the near wake region is strongly anisotropic [17,31,32], and the
RSM is superior for situations in which the mean flow dynamics are dominated by the anisotropy of
turbulence, thus showing a good ability to simulate the profile of TIu; however, when it comes to the
subsequent downstream far wake area, the turbulence anisotropy has a tendency to reduce toward
isotropic turbulence [2,17], and in this case, the RSM fails to reproduce the isotropic characteristics of
the far wake flow and seriously over-predicts the TIu profile in this region.

Afterwards, based on the calculated results from the AD/RANS_RSM method under the anisotropic
inflow condition, the overall turbulence intensity which is defined in Equation (11) is introduced and
included in Figure 2b (illustrated with the magenta color lines).

TI =

√
1
3

(
u′u′ + v′v′ + w′w′

)
u0, hub

=

√
1
3
(TIu2 + TIv2 + TIw2) (11)

where u′u′, v′v′, and w′w′ are the x/y/z-component of the turbulent fluctuations, respectively. Figure 2b
clearly shows that the profile of overall TI presents an obvious improved agreement with the measured
data in the far wake region. This demonstrates that the RSM over-predicts the value of the stream-wise
turbulence intensity TIu, while the averaged TI in all the three directions can be a good representation
of the isotropic turbulence in the far wake region.

In order to conduct a more rigorous validation of the AD/RANS_RSM method with the anisotropic

inflow condition, two parameters, average relative error (Eave =
N∑

i=1

(∣∣∣ fiEXP
− fiSIM

∣∣∣/ fiEXP
)
/N) and

maximum relative error (Emax = max
(∣∣∣ fiEXP

− fiSIM
∣∣∣/ f EXP

)
), are introduced for quantitative comparison,

where fiEXP illustrates the value from the experiment, fiSIM is the value from the AD/RANS simulation,
and N is the number of the measured point. The obtained errors are presented in Table 3. It can be
seen that the AD/RANS_RSM method performs well to predict the wake velocity with Eave around 3%
and Emax under 13.2% throughout all wake positions, whereas these two errors reduce to about 2% and
below 6%, respectively, in the far wake region. In regard to the turbulence level, an average deviation
of around 12% is found at the near wake positions. This large discrepancy is believed to be caused by
the fact that the fluid motion due to the blade rotation effect is ignored in the AD model, which does
not fit the measured reality. When it comes to the far wake region, with the post-processed overall
TI, the AD/RANS_RSM method reduces Eave to around 6% and Emax to around 13%, and an obvious
improvement can be observed.

Table 3. The simulation’s relative error at several downstream positions behind the turbine. Note that
numerical results are obtained by the AD/RANS_RSM method with the anisotropic inflow condition,
and the overall TI is introduced for far wake positions (as illustrated in Figure 2b).

Downstream Positions 3D 5D 7D 10D 14D 20D

Eave of u (%) 5.0 4.1 2.7 2.1 1.4 1.2
Emax of u (%) 13.2 8.4 6.9 6.1 5.4 4.6
Eave of TIu (%) 11.3 12.1 4.6 4.4 6.3 7.1
Emax of TIu (%) 28.1 23.7 11.1 15.3 12.9 14.6

4.2. Case 2: Field Measurements (Sexbierum Wind Farm)

In 1992, an extensive series of measurements was carried out at an onshore wind farm with
homogenous flat terrain mainly covered by grass [33]. The Sexbierum wind farm was composed of 18
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HOLEC wind turbines, each with a rated power of 310 kW, rotor diameter of 30 m, and hub height of
35 m. Measurements were performed to collect data on the wind speed, turbulence level and shear
stress in the wake of a single wind turbine at distances of 2.5D, 5.5D, and 8.0D, through three masts
that contain three-component anemometers at hub height. The measured data were analyzed on the
basis of 3-min averaged samples. The incident wind speed and turbulence intensity at hub height
were estimated to be 8.4 m/s and 11%, respectively. Under these conditions, the thrust coefficient of the
turbine was supposed to be 0.75.

A comparison was drawn at the central y-z plane of the wake at distances of 2.5D, 5.5D, and
8.0D downstream of the turbine. As can be noticed in Figure 3, the simulated velocities match well
with the measurements at x = 2.5, 5.5D and even better than those of the AL/LES method given in [6];
moreover, there is little difference between the results obtained under two inflow conditions. However,
the agreement was not as good as at the location of 8.0D further downstream. More specifically, with
the anisotropic inflow condition, the wake width is well predicted but the maximum wake deficit at
the wake center is under-predicted by approximately 18%; when using the isotropic inflow condition,
the wake width is narrowed, but the maximum wake deficit is almost identical to the measurements.
This might raise a question: which inflow profile is superior in this case?
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Figure 3. Horizontal distributions of normalized wake velocity at hub height at downstream distances
of 2.5D, 5.5D, and 8.0D. Comparison between predictions obtained from the AD/RANS_RSM under
isotropic and anisotropic turbulence inflow conditions, and field measurements (experimental data
obtained from Cleijne [33]). Besides, in order to avoid the uncertainty in measurements and assess
the performance of the AD/RANS method fairly, numerical results [6] obtained from the AL/LES
computations using Technical University of Denmark (DTU’s) CFD solver EllipSys3D are also included.

In [6,34], it is pointed out that the atmosphere was very likely to be stable during the measured
period, and low turbulent mixing occurring in the stable atmosphere would further lead to a much
slower velocity recovery. This explains the over-estimation of the predictions with the anisotropic
inflow profiles as well as the LES results in [6], since a neural atmospheric stability is assumed in
these works. Overall, it comes to a preliminary conclusion that the anisotropic treatment of the inflow
outperforms the isotropic inflow not only in the near wake but also in the far wake, which gives a
more accurate prediction of the wake expansion downstream of the turbine. A closer look at Figure 3
shows that the measured wake shape is obviously not symmetrical in contrast to the symmetrical
shape of the numerical results, due to the fact that the full-scale measurements were influenced by
surrounding turbines or some obstacles while these influencing factors cannot be considered in the
CFD simulations, and as a result, the simulated wake is more symmetrical in the lateral direction.

In order to investigate the non-isotropic characteristics of turbulence in wind turbine wakes,
Figure 4 shows the evolution of turbulence intensity in three flow directions at different downstream
distances. From the measured data, a clear double-peak profile can be observed in the near wake
position (x = 2.5D), with these peaks positioned near the turbine edge, which is mainly due to the
presence of helicoidal vortices (derived from tip vortices) and the induced strong shear in that region.
It is furthermore seen that a strong anisotropy is shown at the edge of the wake, which is characterized
by the phenomenon that the stream-wise turbulence is dramatically amplified by the tip–air interaction,
resulting in a much higher value than the lateral and vertical turbulence with TIu > TIv > TIw. As the
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wake progresses downstream, the flow becomes more isotropic. To be more specific, at the position
of x = 5.5D, it is seen that TIu has peaks in the shear layer, whereas TIv and TIw have an almost flat
profile in the core of the wake. In the subsequent far wake position of 8.0D, it is noticed that the double
peak effect is almost negligible, and the turbulence becomes more uniform because of the wake mixing
process. Moreover, the measurements also illustrate that the turbulence is more isotropic at the wake
center, with all components having approximately the same value throughout the whole wake region.Energies 2019, 12, x FOR PEER REVIEW 9 of 14 
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In Figure 4, by comparing the simulations (obtained under two inflow conditions) with the
field measurements, it can be observed that the differences between two sets of predictions (as
shown in Figure 4a,b) are pronounced. More specifically, at the near wake position of x = 2.5D,
the AD/RANS_RSM method with the anisotropic profile reproduces satisfactorily the measured
distributions of TIu, including the double-peak effect observed around at both sides of the wake axis,
whereas the isotropic condition leads to an under-estimation of TI in both shear layers. Furthermore,
both models consistently under-estimate the values of TIw to a great extent at x = 2.5D. This discrepancy
is mainly due to the difference between the simulated and measured wind conditions. To be specific, the
initial values of the Reynolds stress components are specified as TIv/TIu = 0.801 and TIw/TIu = 0.510
(deduced from Equation (10)), and a wide disparity exists in the three components, whereas the
measured components TIv and TIw are almost equal to each other and approximately equal to 75% of
TIu. This implies that the measured anisotropy is smaller than that of the numerically specified one for
the incoming wind flow.

It is furthermore seen that the estimation of TIu fails at the far wake sections (such as 5.5D and
8.0D). An obvious over-estimation is observed at the center of the wake with a higher shear stress zone,
even though AD/RANS_RSM shows an acceptable representation of the turbulence intensities TIv and
TIw, particularly at the central axis. Furthermore, like in the first case, through post-processing of
the data obtained under the anisotropic inflow, the profile of overall TI is also presented in Figure 4b.
The value of overall TI is found to be reasonably close to that of TIv, due to its initial value (as
deduced from Equation (10)) being almost equal to that of TIv. It can be speculated that if the initial
values of three components u′iu′i are specified according to the measured data instead of the surface
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boundary layer (SBL) theory [27], the agreement between simulations and the measurements would be
greatly improved.

4.3. Case 3: Field Measurements (Nibe Wind farm)

In the 1980s, field measurements of a single wind turbine (which features a hub height and a
rotor diameter of 45 and 40 m, respectively) at the Nibe site were conducted by Taylor [35]. Four
meteorological masts were placed at different downstream positions (2.5D, 4.0D, 6.0D, and 7.5D); due
to the influence of the standstill turbine—Nibe A. The measurements at x = 4.0D will not be discussed
in the following analysis. The incoming wind conditions at hub height were wind speed U0 = 8.55 m/s
(this speed was not directly measured but estimated from the measured power and the power curve of
the Nibe B wind turbine) and stream-wise turbulence intensity TIu = 10%. Under these conditions, the
thrust coefficient was estimated to be Ct = 0.82.

Figure 5 describes the lateral evolutions of the normalized wind speed and the turbulence intensity
obtained with the AD/RANS_RSM method under two different inflow profiles compared with the
experimental data at each mast. By looking at the velocity profiles, at the near wake position of x =

2.5D, the wake deficit is well predicted at the wake center, but the wake is narrowed in the lateral
direction by the AD/RANS_RSM method as compared with the field measurements as well as the
results from [9]. When it comes to the far wake positions, it can be remarked that the RSM with the
anisotropic inflow predicts much better the distribution and magnitude of the wake deficit than that
under the isotropic inflow profile. Again, it proves the accuracy of the AD/RANS_RSM methodology
and meanwhile shows the superiority of the anisotropic inflow conditions to some extent.
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velocity and (b) stream-wise turbulence intensity at the downstream positions of 2.5D, 6.0D, and 7.5D.

The turbulence results presented in Figure 5b show that the AD/RANS_RSM accurately predicts
the dual-peak pattern, which resulted from the rotor tip vortices and high shear production caused by
the strong velocity gradient at the wake boundary. When it comes to the far wake region (x = 6.0D and
x = 7.5D), the turbulence spreads more in the lateral direction, and the wake turbulence decays and
becomes more uniform; at these positions, the wake turbulences are over-predicted by approximately
22% and 29% near the wake centerline with the isotropic and anisotropic inflow conditions, respectively.
Similar to above two cases, introducing the parameter-overall TI improves the turbulence prediction
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in the far wake region, especially at the 7.5D section where it matches almost perfectly all the data
points. As regards the results from [9], it can be seen that the used modified AD/RANS_RSM gives
acceptable values of the wake velocity but over-estimates the turbulence level to a great extent at all
the downstream locations.

4.4. Case 4: AD/LES Simulation (Vestas 2MW Wind Turbine)

In the year of 2015, a large eddy simulation combined with the rotational actuator disk model was
employed to investigate wind turbine wake effects [13]. In this work, a Vestas V80-2MW wind turbine
(which features a rotor diameter and hub height of 80 and 70 m, respectively) was chosen as the study
object. A detailed analysis was focused on the spatial distributions of the mean velocity deficit as well
as the turbulence statistics in the wake region. The incident wind velocity and turbulence intensity at
hub height were set to be 8 m/s and 0.078, respectively; then according to the operational records of the
turbine, its thrust coefficient Ct was determined to be 0.8.

Comparisons of the predicted vertical profiles of the wake velocity and overall TI at chosen
downstream locations (x/D = 4, 8, 12, 16, and 20) are shown in Figure 6. From Figure 6a, it is clearly
seen that the AD/RANS_RSM method exhibits an almost excellent match with the measured data at all
the downstream positions. It can also be depicted that there is no significant difference between the
results obtained under isotropic and anisotropic inflow approaches, except at the position of 4D where
the isotropic profile under-estimates the wake deficit, relatively to the LES simulations, at the wake
center and over-estimates it near the edge of the wake; a slight over-estimation of the wake deficit
along the vertical wake affected region can also be observed at the position of 8D.
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In many wind engineering applications, in order to calculate the turbulence-induced unsteady
loads, it is crucial to have reliable values of the turbulence fluctuations in all three spatial directions,
especially the component in the main wind direction (which is the most significant one to estimate
loads in the downstream turbines). Note that the most important parameter (stream-wise turbulence
intensity) was analyzed and discussed in the above test cases, while in this case, following the work of
Abkar et al. [13], the averaged overall turbulence intensity was investigated. Figure 6b shows that
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there are acceptable agreements with the AD_R/LES simulations in the near wake region up to 4D,
while an obvious overestimation of the overall TI can be observed at all far wake locations, among
which the anisotropic inflow approach performs worse than the isotropic case, with an over-estimation
of up to 17% at far wake sections. This over-estimation of the overall turbulence level by the RSM has
been also reported in previous works [3,8,9].

It is furthermore seen that, just like the wind tunnel case, the TI is clearly vertically non-asymmetric
distributed. To be specific, the simulations show a strong enhancement of the turbulence intensity at
the level of the top tip of the turbine, and higher values of overall TI can be observed. This can be
attributed to the high gradient of the stream-wise velocity caused by the wind shear in addition to
the strong shear caused by the wake along the vertical direction. By contrast, at the bottom-tip of the
turbine, the turbulence intensity is almost equal to or less than that of the inflow due to the negative or
small velocity gradient.

5. Conclusions

A comprehensive assessment of the AD/RANS_RSM methodology for horizontal-axis wind turbine
wake simulations was presented in this work. The performance analysis was based on validation
against four sets of experimental data using turbines with dissimilar geometrical (with diameters
ranging from 10 cm (wind tunnel scale) to about 100 m (utility scale)) and operational conditions. Such
a wide diversity of the test cases further supports the generality of the findings. The focus is put on the
evolution of wake flow in terms of the wind velocity and turbulence intensity. In addition, a sensitivity
analysis of the influence of inflow conditions on the predicted wake characteristics was carried out,
with the main purpose to establish recommendation for the proper use of the RSM in wake prediction.

Comparisons of the present simulations with the reference data that was obtained from wind
tunnel experiments, field measurements, and high-resolution LES simulations illustrated that the
AD/RANS_RSM methodology has a quite good correspondence with all the reference data set in terms
of the wake speed. Besides, this method was found to be capable of exhibiting reasonable agreement
with the measured turbulence level in the near wake region but tends to over-estimate it in the far
wake area. This might be explained by the finding that the near wake flow is characterized by the
intense anisotropic turbulence. The RSM is only superior for accounting for the anisotropy in turbulent
flow; therefore, it presented a good to excellent agreement with the reference data. By contrast, the
turbulence has a tendency to become more isotropic in the subsequent far wake region because of
turbulent mixing with the outside undisturbed flow, and in this case, the RSM fails to reproduce the
isotropic characteristics of flow, which therefore over-predicts the turbulence level to some extent.

Through the performed sensitivity study, a significant influence of two inflow profiles (which are
classified into isotropic and anisotropic profiles) on the wake behavior were observed. Particularly,
the simulated wake velocities under anisotropic condition are in better agreement with the reference
data (both in terms of the amplitude and the shape) than those under the isotropic condition. With
the isotropic inflow profiles, the AD/RANS method appears to under-predict the wake recovery and
narrow the wake width, which results in an unrealistic prediction of the wake development. As
regarding the turbulence intensity, for the reason mentioned above, the results obtained with both
inflow conditions consistently over-predict the wake turbulence level in the far wake area, while
the results from the anisotropic condition seem to deviate from the reference data with a maximum
discrepancy of up to 30%. However, the introduction of the averaged overall turbulence intensity is
found to give an improved agreement with the experiments in all the test cases. In summary, to obtain
reliable wake effect predictions, the anisotropic inflow condition is recommended as the profile of
choice to represent the incoming wind flow.
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