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Abstract: In this study, large-eddy simulation was employed to investigate the influence of the forest
canopy on wind turbine wakes. Nine forest case studies were carried out with different vertical
distributions of leaf area density (LAD) and values of leaf area index (LAI). It was found that the
wake in forest canopies recovers at a faster rate when compared with the flat terrain. An interesting
observation was the significant reduction in turbulence kinetic energy (TKE) in the lower part of the
wake above the forest in comparison with the inflow TKE, which occurred for a wide range of turbine
downstream positions. The increase of TKE, on the other hand, was mainly located in the region
around the top tip. Analyses of the power spectral density showed that the increase in TKE happened
at a certain range of frequencies for the forest canopy cases and at all the examined frequencies for
the flat case. Wake meandering was also examined and was found to be of a higher amplitude and a
lower dominant frequency for the forest cases compared with the flat case. In terms of the influence of
forest canopy parameters, the LAI was found to have an impact greater than the vertical distribution
of LAD. Specifically, the wake-added TKE and wake-added Reynolds shear stress were found to be
approximately the same for cases with the same LAI, regardless of the vertical distribution of LAD.

Keywords: large-eddy simulation; forest canopy; wind turbine wakes

1. Introduction

The aggravation of climate change, the development of related technologies, and the
continuous introduction of environmental protection policies are leading to the continuous
prosperity of wind energy in the foreseeable future [1,2]. Wind turbine wakes are generated
by the wind turbine while extracting wind energy, which is characterized by low speed
and high turbulence intensity. It negatively affects the power output and dynamic loads of
downstream turbines and thus needs to be accounted for in both the design and operation
of wind farms [3,4]. As the process of global sustainability accelerates, an increasing
number of wind farms are planned and constructed not only on flat terrain but also on
forest-covered lands, which account for 35% of the world’s land area [5]. In this work, the
way the forest canopy flow affects wind turbine wakes, which is yet to be fully understood,
is investigated using large-eddy simulation.

The wake has been extensively studied in the literature, but mostly in offshore or flat
terrain scenarios. For example, the characteristics of wind turbine wake under different
turbulent incoming flows caused by different roughness lengths were investigated in wind
tunnel experiments [6,7]. The effects of surface roughness on horizontal axis wind turbines
and vertical axis wind turbines of the same size and power rating were investigated by
Mendoza et al. [8]. Kethavath et al. [9] investigated the effect of abrupt transition of rough-
to-smooth surface on wind turbine wakes. Wu et al. [10] found that the effect of wind
shear on the wind turbine wake was weaker than the effect of turbulence intensity in
a large-eddy simulation (LES) study. The wakes from wind turbines of different sizes
were examined by Yang et al. [11], showing significant differences in the velocity deficit
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and increased turbulent kinetic energy. As for the effects of wind turbines on incoming
turbulence, suppression by the wind turbine was observed in wind tunnel experiments
by Tobin et al. [12]. Jin et al. [13] concluded that the turbulence integration scale at the
hub height increases linearly with increasing distance downstream of the wind turbine,
regardless of the level of incoming turbulence intensity. The atmospheric stability affects
wake dynamics [14–17], such as the wake recovery rate and the characteristics of wake
meandering (low frequency, large-scale motion of wind turbine wakes). The turbine
operating condition is another important factor affecting the wake dynamics, such as the
yaw angle [18] and the oscillation of floating platforms [19]. Overall, studies from numerical
simulations [20,21], wind tunnel experiments [22,23], and field experiments [24–26] have
been carried out to understand the evolution of wind turbine wake characteristics.

Relatively fewer studies have focused on the forest canopy and its effects on power
production, loads, and wind turbine wakes [27]. A significant increase in turbulence
intensity in the forest compared to flat terrain was shown by Zendebad et al. [28] in field
measurements. They also showed that the forest canopy increased the tower deflection in
their studies. The effect of forest density on the fatigue load of a wind turbine was studied
by Nebenführ et al. [29], showing an increase with forest cover when compared with grass
cover. The aerodynamic efficiency and power loss caused by forests were examined by
Agafonova et al. [30] using LES. Chougule et al. [31] studied the wind characteristics and
wind turbine loads in forest and agricultural areas. They observed a higher rate of energy
dissipation for turbulent flows in forest areas. As for the effects of forests on the wake of a
wind turbine, Adedipe et al. [32] found that the presence of forests accelerates the recovery
of wind turbine wakes for different leaf area densities (LADs) using the Reynolds-Averaged
Navier–Stokes (RANS) method. Cheng et al. [33] investigated the influence of different
forest densities on the wake of a model wind turbine and showed that the forest canopy
had a significant modulation effect on the wind turbine wakes via a quadrant analysis.

The above-mentioned literature review shows that very few studies have been carried
out to investigate the effect of forests on wind turbine wakes [34–36]. Specifically, it is
not clear how different forest canopies affect the momentum mixing and the dynamic
behavior of wind turbine wakes. Therefore, in this paper, we investigated the wind turbine
wakes for different vertical distributions of LAD (leaf area density) and different values of
LAI (leaf area index) and analyzed their effects on the average flow, turbulence statistics,
and meandering of wind turbine wakes using the LES code VFS-Wind (Virtual Flow
Simulator) [37]. A flowchart explaining the employed method and analyses carried out
in this study is shown in Figure 1. The objective was to understand the evolution of wind
turbine wakes and to provide physical insights into placing wind turbines in a forest terrain.

The remainder of the paper is structured as follows. Section 2 explains the LES method,
wind turbine parameterization method, and the canopy model employed in this work. The
computational details for the simulation setup are provided in Section 3. The results are
analyzed and discussed in Section 4. A summary of the work as well as conclusions are
presented in Section 5.
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Figure 1. A flowchart for (a) the numerical method employed and (b) the analyses carried out in this
study. PDF: probability density function. PSD: power spectral density.

2. Large-Eddy Simulation Framework
2.1. Numerical Methods

The large-eddy simulations were performed using the VFS-Wind code [38,39]. The
air was assumed to be incompressible and Newtonian. The buoyancy and the Coriolis
forces were not considered. The spatially-filtered incompressible Navier—Stokes equations
governing the flow read as follows:

∂ũi
∂xi

= 0, (1)

∂ũi
∂t

+
∂ũiũj

∂xj
= −1

ρ

∂ p̃
∂xi

+ ν
∂2ũi

∂xj∂xj
−

∂τij

∂xj
+ f ε

i + f f
i , (2)

where i, j = 1, 2, 3 are directional indices, ui are the velocity components, p is the pressure,
ν is the kinematic viscosity, and ·̃ is the spatial filtering operator. Additionally, τij is the
residual stress tensor resulting from the spatial filtering process, which is defined as follows:

τij −
1
3

τkkδij = −2νtSij, (3)

where Sij is the filtered strain-rate tensor and νt is the eddy viscosity calculated by

νt = Cs2∆2∣∣S∣∣, (4)

where
∣∣S∣∣ = √2

∣∣Sij
∣∣∣∣Sij

∣∣, ∆ is the filter size, and Cs is the Smagorinsky coefficient computed

using the dynamic approach [40]. In Equation (2), the source terms f ε
i and f f

i represent
the actions of wind turbine and the forest on the flow, respectively. These source terms are
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computed using parameterization models, which will be explained in the following subsec-
tions.

The VFS-Wind code has been systematically validated against experiments [37,39] and
extensively applied to the investigation of wakes of wind turbines, hydrokinetic turbines,
and wind farms [41–50].

2.2. Parameterization of Rotor and Nacelle

Wind turbine parameterization models [51,52] are often employed for wake turbulence
investigation to avoid the prohibitive cost of resolving the blade aerodynamics. In this
work, the actuator disc (AD) model was employed with a focus on the far wake of the
wind turbine. The thrust of the rotor T, which is uniformly distributed on the disc, was
computed by specifying the thrust coefficient CT as follows:

T =
1
2

ρCTU2
∞ A, (5)

where ρ is the air density, U∞ is the incoming wind speed, and A is the rotor-swept area.
A nacelle model [39] was also employed in the simulations to model its effect on the

hub vortex and wake meandering.

2.3. Forest Canopy Model

The aerodynamic drag by canopy elements was modeled using the porous body
assumption. Specifically, the forest drag force ( f f

i ) in Equation (2) was computed as

f f
i = −Cdα(z)|U|ui, (6)

where Cd is the drag coefficient, a(z) [1
/

m] is the LAD profile, U is the mean wind speed,
and ui is the velocity component in the ith direction. In this work, Cd is set to 0.15 according
to refs. [53,54].

3. Computational Details and Test Case
3.1. Case Setup

The simulations were conducted in a rectangular computational domain, as shown in
Figure 2. The domain size is Lx × Ly × Lz = 16D× 8D× 4D with the corresponding grid
number Nx ×Ny×Nz = 193× 97× 136, where x, y, and z denote the streamwise, spanwise
and vertical directions, respectively. The size of Ly is twice as large as Lz according to
ref. [55]. Such a computational domain is widely used in the study of wind resources in
forest terrain [56,57]. The wind turbine simulated has a hub height of 100 m, a rotor diameter
of 100 m, and a thrust coefficient of 0.68. The turbine model was placed at (x, y) = (0, 0).
As in the experiments, a canopy height of h = 20 m was used in the simulation. In the
horizontal directions, the grid nodes were uniformly distributed ∆x = ∆y ≈ D

/
12. In

the vertical direction, 10 grid cells were used to discretize the canopy with a constant
grid spacing of ∆z = 2 m. The grid spacing was gradually stretched to ∆z = 2.5 m from
z = 20 m to 50 m, and kept constant until z = 2D. For z > 2D, the grid was gradually
stretched until the top boundary. Appendix A shows the grid dependency study for testing
the employed grid resolution, showing converged results for the far wake characteristics,
including both the time-averaged ones and the wake meandering statistics. As for the
grid resolution required for the canopy flow, similar grid resolution was employed in
the literature [29], which is enough to resolve the vertical variation in the canopy layer.
The free-slip boundary condition was applied at the top boundary. At the bottom, the

logarithmic law for rough walls was applied, using a roughness length z0 = 0.4 m according
to ref. [58]. The periodic boundary condition was applied in the transverse direction, being
consistent with the precursory simulations.

The leaf area parameters were employed in the canopy model to mimic different forest
types. For each forest canopy setup, two types of simulations with and without the wind
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turbine were conducted to provide a reference for the background turbulent boundary
layer flow. The two simulations were performed with exactly the same settings, including
the same boundaries, initial conditions, and time steps to produce synchronized results for
analyses of instantaneous flow fields.

Figure 2. Schematic of the computational domain employed in the work.

In order to examine the influence of the forest canopy on the wake characteristics of
wind turbines, a set of canopy parameters was employed, consisting of three different verti-
cal distributions of the LAD profile with three different values of LAI, which is defined as

LAI =
∫ h

0
α(z)dz, (7)

where h = 20 m is the canopy height and α(z) is the vertical LAD profile data. The
three distributions of the LAD profiles are shown in Figure 3, which are similar with those
employed by Ma et al. [59]. The considered LAI are LAI = 4.25, 2.8, and 1.4 for the dense,
sparse, and very sparse forest cases, respectively [32,57].

Figure 3. Leaf-area density profiles employed in the simulations, where symbols indicate the actual
grid points.

3.2. Validation of the Forest Canopy Model

In this subsection, we describe how the numerical approach was validated against field
measurements. The measurements were taken at a test site at Ryningsnäs in southeastern
Sweden, where the forest is predominantly Scots pine trees [60,61] and whose LAD is
close to the 4.25up profile shown in Figure 3. Figure 4 compares the simulation results
obtained by our numerical approach with the measurement for the normalized mean wind
speed(〈Ul〉

/
U∗) and the primary Reynolds shear stress (−〈u′w′〉

/
U2
∗) in the streamwise
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direction. In this figure, the horizontal wind speed (〈Ul〉 =
√
〈u〉2 + 〈v2〉) and the primary

Reynolds shear stress are normalized with the friction velocity (U∗ = [〈u′w′〉2l + 〈v
′w′〉2l ]

1/4)
evaluated at z = 2h [62]. A good agreement is observed between the simulation results and
the measurements.

Figure 4. Vertical profiles of the mean streamwise velocity (a) and primary Reynolds shear stress
(b) for the reference pine case (4.25up). Solid line: the present numerical results; red circles: measure-
ments; red error bar: standard deviation of the measurement data.

3.3. Inflows

In Figure 5, the inflows obtained from the precursory simulation are plotted. The
relative difference in TKE (turbulence kinetic energy) among different LADs is larger
than the difference in time-averaged velocity, with the maximum difference reaching
approximately 30%. For the same LAI value, the TKE intensity is lowest for the “down”
LAD profile and highest for the “uniform” LAD profile. Among the “uniform” LAD profiles
with different LAI values, the TKE is largest for the case with an LAI of 2.8. Conversely, the
effect of LAI on TKE is not significant for the “down” and “up” LAD profiles.

Figure 5. Characteristics of the inflows for cases with different forest canopies for (a) time-averaged
streamwise velocity profiles and (b) TKE profiles.

4. Results and Discussion
4.1. Scots Pine Tree (4.25up) Case and Flat Case

To examine the effect of the forest canopy on wake characteristics, the results from the
4.25up (Scots pine tree) and flat cases were compared.
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4.1.1. Instantaneous and Time-Averaged Wake Characteristics

We examined the contours of the instantaneous streamwise velocity from the two cases
in Figure 6. The wake remained almost straight until about 2D downstream for the flat
case, while it became unstable immediately downstream for the 4.25up case, with more
energetic turbulent inflow. At further downstream locations, the wake of the wind turbine
could hardly be distinguished from the background flow for the 4.25up case, showing a
stronger interaction between the wake and the boundary layer, and a faster wake recovery
compared to the flat case.

Figure 6. Instantaneous streamwise velocity on the x–z plane passing through the rotor center for
(a) the flat case and (b) the 4.25up case, respectively.

Figures 7 and 8 display the time-averaged streamwise velocity contours in the x–z
plane through the center of the rotor and the y–z plane located at different turbine down-
stream locations, i.e., x

/
D = 2, 4, 6, 8, and 10. The time-averaged velocity field from the

flat case and the 4.25up case were significantly different. Asymmetric distribution of the
streamwise velocity component was observed in the far wake region due to the shear in
the vertical direction.

Figure 7. Contours of normalized time-averaged streamwise velocity (<u>
/

Uhub) on the x–z plane
passing through the rotor center for (a) the flat case and (b) the 4.25up case, respectively.



Sustainability 2023, 15, 5139 8 of 23

Figure 8. Contours of normalized time-averaged streamwise velocity (<u>
/

Uhub) on the x–z planes
located at x/D = 2, 4, 6, 8, 10 for (a) the flat case and (b) the 4.25up case, respectively.

The contours of turbulence kinetic energy (k = (〈u′2 + v′2 + w′2〉)
/
(2U2

hub)) were
plotted in Figures 9 and 10. As observed, both cases have a high TKE region in the top
shear layer. Furthermore, the magnitude of the TKE decreases with downstream distance
in both cases. However, the two cases show the difference in the peak turbulence intensity
in terms of both the magnitude and the location. For the 4.25up case, the TKE is spread to a
larger region with peak values around 2D–4D downstream of the turbine. In contrast, the
case with flat terrain has a TKE peak further downstream (4D–6D). Another interesting
observation in the 4.25up case is that the TKE in the lower part of the wake (z < zh) is
reduced when compared with the inflow, indicating a part of the TKE is extracted by the
wind turbine.

Figure 9. Contours of normalized TKE (k
/

U2
hub) on the x–z plane passing through the rotor center for

(a) the flat case and (b) the 4.25up case, respectively.



Sustainability 2023, 15, 5139 9 of 23

Figure 10. Contours of normalized TKE (k
/

U2
hub) at the lateral cross-sectional planes of x/D = 2, 4, 6,

8, and 10 for (a) the flat case and (b) the 4.25up case, respectively.

To further reveal the influence of the forest canopy on the wake evolution, the primary
Reynolds shear stress (−〈u′w′〉

/
U2

hub) contours were plotted in Figures 11 and 12 to give
insight into the momentum entrainment around the wake boundary. The maximum
magnitude of Reynolds shear stress (−〈u′w′〉

/
U2

hub) is located in the range of 2D–4D
for the 4.25up case and in the range of 4D–6D for the flat case. The magnitude of the
Reynolds shear stress (−〈u′w′〉

/
U2

hub) is greater near the upper boundary of the wake for
the 4.25up case when compared to the flat case, indicating a higher intensity of momentum
mixing. Around the bottom boundary of the wake, on the other hand, the magnitude of
the Reynolds shear stress (−〈u′w′〉

/
U2

hub) from the 4.25up case is smaller when compared
to the flat case.

Figure 11. Contours of normalized Reynolds stresses (−〈u′w′〉
/

U2
hub) on the x–z plane passing

through the rotor center for (a) the flat case and (b) the 4.25up case, respectively.
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Figure 12. Contours of normalized Reynolds stresses (−〈u′w′〉
/

U2
hub) at the lateral cross-sectional

planes of x
/

D = 2, 4, 6, 8, and 10 for (a) the flat case and (b) the 4.25up case, respectively.

4.1.2. Mean Kinetic Energy Budget

To further understand the difference between the evolution of the turbine wakes in
the 4.25up case and the flat case, different terms in the mean kinetic energy (MKE) budget
equation were analyzed, which can be formulated as follows:

∂〈ui〉〈ui〉/2
∂t

= −
〈
uj
〉∂〈ui〉〈ui〉/2

∂xj
− ∂

∂xj

(
1
ρ
〈p〉
〈
uj
〉
+
〈

u′iu
′
j

〉
〈ui〉 − 2(v + vt)Sij〈ui〉

)
+
〈

u′iu
′
j

〉∂〈ui〉
∂xj

− 2(v + vt)Sij
∂〈ui〉
∂xj

.
(8)

Since the focus is on the time-averaged MKE, the time derivative term on the left-hand
side was set to zero. The various terms on the right-hand side of the above equation
are: (1) the mean convection; (2) the diffusion, which consists of the transport due to
mean pressure, Reynolds stresses, and molecular and eddy viscosity; (3) the turbulence
production, which represents the conversion of MKE to TKE; and (4) the dissipation.

We performed a surface integration on the y–z plane, to analyze how these terms
would affect the recovery of MKE at different turbine downstream locations. The integral
surface extends from y1 = yc − R to y2 = yc + R and z1 = zc − R to z2 = zc + R in the
spanwise and vertical directions, respectively, with yc and zc being the turbine hub center

location and R = D/2. All the terms are normalized by
1
2

DU3
hub. The obtained integrated

MKE equation is given as follows:

0 = MC + PT + TC + DF + TP + DP, (9)

where MC, PT, TC, TP, DF and DP denote the mean convection, pressure transport, tur-
bulence convection, turbulence production, diffusion, and dissipation terms, respectively,
which are computed as follows:

MC =−
∫ y2

y1

∫ z2

z1

〈
uj
〉∂(〈ui〉〈ui〉/2)

∂xj
dzdy, (10)

PT =−
∫ y2

y1

∫ z2

z1

∂
(
〈p〉
〈
uj
〉
/ρ
)

∂xj
dzdy, (11)

TC =−
∫ y2

y1

∫ z2

z1

∂
(〈

u′iu
′
j

〉
〈ui〉

)
∂xj

dzdy, (12)
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DF =2
∫ y2

y1

∫ z2

z1

∂(v + vt)Sij〈ui〉
∂xj

dzdy, (13)

TP =
∫ y2

y1

∫ z2

z1

〈
u′iu
′
j

〉∂〈ui〉
∂xj

dzdy, (14)

DP =− 2
∫ y2

y1

∫ z2

z1

(v + vt)Sij
∂〈ui〉
∂xj

dzdy. (15)

Figure 13 shows different terms in Equation (9) for the flat case (a) and the 4.25up case
(b). It should be noted that, due to the high Reynolds number, the DF and DP terms are
fairly small compared to the other terms, so these two terms can be ignored. A common
feature observed in both cases is that the mean convection term is balanced with the
pressure transport term in the near-wake region, showing that the kinetic energy gained
from the convection is mainly consumed to recover the pressure. In the far-wake region,
the mean convection (MC) term is mainly balanced with the turbulence convection (TC)
term for the flat case. In contrast, in the 4.25up case, the turbulence convection (TC) term
is mainly balanced with the sum of the mean convection (MC) term and the turbulence
production (TP) term. The turbulence production (TP) term does not reduce to 0 as in the
flat case because of the forest canopy but remains as a negative value, which transfers the
energy from the mean flow to turbulence. This is also observed in the results in refs. [63,64].
Another notable difference is the turbulence convection (TC) term. The TC term in the
4.25up case has a clear peak compared to the flat case, and the peak magnitude of the TC
term in the 4.25up case is higher than that in the flat case. Additionally, the peak position
(x
/

D ≈ 0.5) is closer to the wind turbine than the flat case (x
/

D ≈ 3). Meanwhile, for the
4.25up case, the location where the MC term changes from positive to negative (x

/
D ≈ 1D)

is closer to the wind turbine than in the flat case due to the enhanced turbulence intensity
of the background flow field in the presence of the forest canopy. A greater turbulence
intensity is observed above the forest canopy, so the peak absolute values of the TP and TC
terms are larger and located closer to the wind turbine. The above results suggest that the
presence of the forest canopy leads to an increase in turbulence intensity, which enhances
turbulence convection intensity and eventually speeds up the wake recovery.

Figure 13. Comparison of MKE budget terms [MC], [TC], [TP], [PT], [DF], and [DP] for: (a) the flat
case and (b) the 4.25up case. Different terms are normalized using 1

2 DU3
hub.

Figure 14 shows the contours of the turbulence production term (−TP in Equation (9))
in the x–z plane for the flat case (left) and the 4.25up case (right). The TP term is significantly
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larger around the top tip when compared with that around the bottom tip and is distributed
in a wider region for the 4.25up case. It is interesting to note that the magnitude of the TP
term in the lower half of the wake is significantly smaller than that in the inflow for the
4.25up case, explaining the reason for the reduced TKE shown in Figure 9.

Figure 14. Contours of the turbulence production term (−TP) on the x–z plane passing through the
rotor center for the flat case (left) and the 4.25up case (right), which is normalized using U3

hub
/

D.

4.1.3. Power Spectral Density

The pre-multiplied power spectral density (PSD) of TKE was computed to examine
the streamwise variation of TKE in the frequency space. The pre-multiplied PSD of TKE
was computed via f φk ( f φk = f (φu + φv + φw), where φu, φv, and φw are the PSDs of
velocity fluctuations. The pre-multiplied PSDs of TKE at three different vertical locations
(bottom tip, hub, and top tip) were examined in Figure 15 at various streamwise locations
x
/

D = {−2, 2, 5, 7} for the flat case ((a)(b)(c)) and the 4.25up case ((d)(e)(f)).

Figure 15. Pre-multiplied PSDs of TKE ( f φk
/

U2
hub) at three different locations (top tip, hub, bottom

tip) for: (a–c) the flat case, and (d–f) the 4.25up case, respectively.

From the results, we found that most of the TKE (i.e., the area enclosed by the pre-
multiplied PSD) was concentrated in the range of 0.05 < St < 2.0, being consistent with
the experiments [65], numerical simulations [66], and theoretical analysis in refs. [67–69].
The intensities of TKE from the 4.25up case were, in general, higher than those from the flat
case for all the frequencies for the same vertical location. The streamwise variations of the
pre-multiplied PSDs were different at different vertical locations. At the top tip location,
the intensities of TKE at all the frequencies increased due to the wind turbine wake for
the flat case. For the 4.25up case, on the other hand, the increases in the intensities of TKE
were only observed in the range of St ∈ (0.2, 2). At the hub height, the intensity of TKE
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increased significantly for St < 1 for all the considered turbine downwind locations, while
it decreased for St > 1 at x = 2D turbine downwind for the flat case. For the 4.25up case,
the intensities of TKE at the bottom tip and hub height locations were reduced for St > 1
for all the considered turbine downwind locations.

4.2. Impacts of Different Forest Canopies

We examined the velocity deficits (∆U
/

Uhub), wake-added TKE (∆k
/

U2
hub), and wake-

added primary Reynolds shear stress (∆〈u′w′〉
/

U2
hub) for the simulated cases with different

types of forest canopies, which are defined as the difference between the two cases with
and without a wind turbine as follows:

∆U =
UNT −U

Uhub
, (16)

∆k =
k− kNT

U2
hub

, (17)

and

∆〈u′w′〉 = 〈u
′w′〉 − 〈u′w′〉NT

U2
hub

, (18)

respectively. The subscript ·NT indicates the results from the simulations without a turbine.

4.2.1. Different Forest Densities

This subsection probes into the impact of LAIs on wind turbine wakes. Figure 16
shows the velocity deficit profiles. The recovery rate was the slowest when LAI = 1.4 and
increased when increasing LAI from 1.4 to 2.8 or 4.25. The increasing trend, however, was
different for different LAD distributions. The increase happened when increasing LAI from
1.4 to 2.8 for the down dense case shown in Figure 16a and from 2.8 to 4.25 for the uniform
case shown in Figure 16b. For the top dense case shown in Figure 16c, on the other hand,
the recovery rates were nearly the same for the three LAIs. For both the down dense and
uniform cases, differences were observed at locations around the bottom tip, while they
were barely noticed in the upper part of the wake.

Figure 16. Vertical profiles of normalized velocity deficits (∆U
/

Uhub) at five different locations
downstream of the turbine with varying LAIs for (a) down dense, (b) uniform dense, and (c) up
dense, respectively. The horizontal gray lines indicate the top and bottom tips and the hub height.
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The wake-added TKE is examined in Figure 17 for different LAIs. As shown in
previous sections, the increase in TKE and the decrease in TKE were observed above and
below the hub height, respectively. The same trend with LAI was not observed for different
vertical distributions of LAD. For the down dense case shown in Figure 17a, the vertical
range influenced by the wake was wider for LAI = 2.8. For the uniform dense and up
dense cases shown in Figure 17b,c, the decrease in TKE was of the lowest magnitude for
LAI = 4.25 at certain turbine downwind locations.

Figure 17. Vertical profiles of normalized wake-added TKE (∆k
/

U2
hub) at five different locations

downstream of the turbine with varying LAIs for (a) down dense, (b) uniform dense, and (c) up
dense, respectively. The horizontal gray lines indicate the top and bottom tips and the hub height.

The wake-added primary Reynolds shear stresses (∆u′w′
/

U2
hub) are shown in Figure 18.

The impact of LAI is small and all profiles nearly collapse together, which is different from
that observed for the wake-added velocity deficit and wake-added TKE.

Figure 18. Vertical profiles of normalized wake-added primary Reynolds shear stress (∆u′w′
/

U2
hub)

at five different locations downstream of the turbine with varying densities for (a) down dense,
(b) uniform dense, and (c) up dense, respectively. The horizontal gray lines indicate the top and
bottom tips and the hub height.
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4.2.2. Different LAD Distributions

This subsection describes the impact of the LAD distribution on the wind turbine
wake for the same LAI.

Figure 19 shows the velocity deficit, wake-added TKE (∆k
/

U2
hub), and wake-added

primary Reynolds shear stress (∆u′w′
/

U2
hub) for the cases with LAI = 4.25. The wake

recovery rate of the uniform dense case was somewhat faster compared with the other
two LAD distributions. The ∆k

/
U2

hub and ∆u′w′
/

U2
hub from cases with different LAD

distributions, on the other hand, were close to each other.

Figure 19. Vertical profiles of normalized (a) velocity deficits (∆U
/

Uhub), (b) wake-added TKE
(∆k
/

U2
hub), and (c) wake-added primary Reynolds shear stress (∆u′w′

/
U2

hub) at five different locations
downstream of the turbine for LAI = 4.25. The horizontal gray lines indicate the top and bottom tips
and the hub height.

4.2.3. Wake Meandering Statistics

Wake meandering is a low-frequency, large-scale motion of wind turbine wakes,
significantly impacting the power output and fatigue load of the downstream wind tur-
bines [70–72]. In this section, the influence of different forest canopies on wake meandering
characteristics is investigated and compared with the flat case.

The instantaneous wake position was calculated using the weighted average of the
instantaneous streamwise velocity deficit [73] as follows:

yc =

∫
(uNT − u)2ydy∫
(uNT − u)2dy

, (19)

zc =

∫
(uNT − u)2zdz∫
(uNT − u)2dz

, (20)

where yc and zc are instantaneous wake centers in the spanwise and vertical directions, u is
the instantaneous streamwise velocity, and uNT is the corresponding streamwise velocity
from the simulation without a wind turbine at exactly the same turbine downstream
location and time instant.
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First, we show the probability density function (PDF) of the wake center positions
at x/D ∈ (2, 4, 6, 8, 9, 10) for all cases in both spanwise (yc) and vertical (zc) directions.
Figure 20 shows the PDF of yc. As seen, the PDF resembles that of the Gaussian curve. As
the wake travels downstream, the wake center is distributed in a wider range. Compared
with the flat terrain, the forest canopy significantly increases the wake meandering ampli-
tude. Figure 21 shows the PDF of zc. At far away wake locations, the PDF of zc is somewhat
skewed to the positions above the centerline, which is approximately symmetrical for the
PDF of yc. For PDFs of both yc and zc, the differences between cases with different LADs
are insignificant.

Figure 20. Probability density function (PDF) of wake center positions in the spanwise direction for
the hub height x–y plane for different turbine downstream locations.

Figure 21. Probability density function (PDF) in the vertical direction for the x–z plane passing
through the rotor centerline for different turbine downstream locations.

The downstream variations of the standard deviations of the wake center positions
are examined in Figure 22. The forest canopy significantly enhances the wake meandering



Sustainability 2023, 15, 5139 17 of 23

amplitude. The difference between different forest canopies is approximately 0.05D. The
meandering amplitude of the 1.4down case is the lowest among all the simulated cases.

Figure 22. Streamwise variations of standard deviations of wake center positions for (a) σyc in the
spanwise direction and (b) σzc in the vertical direction for different forest canopies and the flat terrain.

The effect of the forest canopy on the dominant frequency of wake meandering
is shown in Figure 23 by examining the PSD of the wake centerline spanwise velocity
fluctuations at x

/
D = 5. The dominant frequency of wake meandering is approximately

St ≈ 0.25 for the case with flat terrain, while it is around St = 0.1∼0.15 with a higher
amplitude for the cases with forest canopies. As for the effects of different canopies, the
amplitude of PSD for LAI = 1.4 is in general lower than other cases. With the increase in the
LAI value, a consistent trend is not observed. For the effects of vertical LAD distributions,
the amplitude of PSD from the case with uniform LAD is in general higher when compared
with other cases with the same LAI.

Figure 23. Power spectral density (PSD) (φv
/
(UhubD)) of wake centerline spanwise velocity fluctua-

tions at x
/

D = 5 from cases with different forest canopies and the flat terrain case.

5. Conclusions

In this work, large-eddy simulation of wind turbine wakes in forest terrain was carried
out. The influences of forests on the statistics of wind turbine wakes were systematically
investigated for different vertical distributions of leaf area density (LAD) and different
values of leaf area index (LAI).

The simulation results show that the wind turbine wake in the forest canopy is charac-
terized by faster wake recovery and higher turbulence kinetic energy (TKE) when compared
with those from the flat terrain. Analysis of the mean kinetic energy (MKE) budget equation
shows that the accelerated wake recovery is mainly due to the enhanced turbulence convec-
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tion in the forest terrain. One interesting phenomenon is that the TKE below the centerline
from 1D to 8D turbine downstream is lower than that of the inflow for all the simulated
forest canopies, which is observed only along the wake centerline for a short distance
for the flat terrain. Further investigation into the power spectral density shows that such
reduction in TKE exists mainly at higher frequencies with St > 1.0. In the region along the
top tip, the TKE is increased for both cases, which occurs for all the considered frequencies
for the flat terrain and in the range of St ∈ (0.2, 2) for the forest terrain. Compared with the
vertical distribution of LAD, the LAI affects the wind turbine wake in the forest terrain in a
more significant way for the considered cases. For the same LAI, the wake-added TKE and
Reynolds shear stresses collapse well with each other. Overall, the wake-added TKE from
the forest cases is significantly different from the flat case, while the wake-added primary
Reynolds shear stresses are close to each other. The amplitude of wake meandering is
increased by approximately 2 times in the spanwise direction and 1.5 times in the vertical
direction from those of the flat terrain. The differences in meandering magnitude are
approximately 0.5D for the simulated cases. The dominant frequency of wake meandering
is observed to be lower for the forest terrain case (St ∈ (0.1, 0.15)) when compared with the
flat case (St ≈ 0.25).

This work focused on turbulence statistics and wake meandering. According to the
results, some suggestions can be put forward for placing wind turbines in forest terrain.
On one hand, it is necessary to pay attention to the impact of high TKE of the incoming
flow on the increases in dynamic load and power fluctuations. On the other hand, wind
turbines can be placed closely in the streamwise direction as a result of the observed faster
wake recovery when compared with the flat terrain.

In this study, the forest was considered to be homogeneous in the horizontal direction.
Only a stand-alone wind turbine was simulated. How a heterogeneous forest canopy
interacts with wind turbine wakes, and what the effects of arrays of wind turbines on
the wind field above and within the forest are need to be investigated in a future study.
Moreover, studies on the interaction between the near wake vortex system (e.g., tip vortex
and hub vortex) and the forest canopy are certainly important and should be carried out in
the future using an actuator surface model and forest parameterization models of higher
fidelity. As the wind turbine wake can significantly change the turbulence above the forest
canopy, it certainly will affect the humidity and temperature in the forest, which is of great
importance to our living environment and should be investigated systematically [74–76].
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Appendix A. Validation of the Actuator Disk Model and Grid Dependency Study

This appendix evaluates the predictive ability of the actuator disk (AD) model for the
time-averaged wake characteristics and wake meandering statistics by comparing the AD
results with those from the actuator surface (AS) model [39]. To ensure a fair comparison,
the thrust in the AD model was the same as in the AS model.

The AS simulation was first performed to obtain the time-averaged thrust, with all
settings the same as in ref. [19]. Then AD simulations were performed with the same thrust
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coefficient obtained from the AS simulation. The same nacelle model was employed in
both simulations.

Three cases with three different grid spacings in the x and y directions, i.e., 1/12D,
1/20D, and 1/40D, were carried out with the same grid in the vertical direction. The
two grids with lower resolution were employed in the AD simulation. The finest grid was
employed in the AS simulation. For the case with grid spacing 1/12D, the effect of the
Smagorinsky model was also tested by examining the results from the case with specified
model coefficient Cs = 0.1[77] .

In Figure A1, the normalized time-averaged velocity deficit (∆U
/

Uhub) and the wake-
added TKE (∆k

/
U2

hub) are shown for different grid resolutions and wind turbine models.
Differences were observed in the near wake. In the far wake, the predictions from different
grids and models were close to each other.

Figure A1. Spanwise profiles of (a) normalized time-averaged velocity deficit (∆U
/

Uhub) and
(b) wake-added TKE (∆k

/
U2

hub). Black line: AS with grid spacing D/40; red line: AD with grid
spacing D/12; green line: AD with grid spacing D/20; blue line: AD with grid spacing D/12 and
Cs = 0.1.

The profiles of the probability density function (PDF) of the instantaneous wake center
positions from the four cases are compared in Figure A2. Some differences were observed
from the AD and AS predictions, which are further confirmed in Figure A3, showing the
streamwise variations of the standard deviation (σyc) of the wake center positions. As seen,
the σyc from the AS predictions are higher than those from the AD model from 4D to 8D
turbine downwind locations. Considering the relatively small difference (∼0.025D), the
grid resolution (∆x = ∆y = D/12) is considered to be sufficient for this work.

As for the results from different subgrid-scale models, the effects on the velocity deficit
and wake-added TKE are minor. The meandering amplitude computed by the case with a
specified Smagorinsky coefficient is lower than other cases. In comparison with the actuator
surface (AS) model results from a finer grid, an overall better agreement was observed for
the dynamic Smagorinsky model.
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Figure A2. Probability density function of instantaneous wake center positions: (a) x ∈ (3D–5D) and
(b) x ∈ (6D–8D). The histogram is fitted to a Gaussian distribution function in each panel, with the
fitted curves compared in the last column. Black line: AS with grid spacing D/40; red line: AD with
grid spacing D/12; green line: AD with grid spacing D/20; blue line: AD with grid spacing D/12
and Cs = 0.1.

Figure A3. Standard deviation of instantaneous wake center positions for cases with different wind
turbine parameterizations and grid resolutions.
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