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Abstract: Meandering describes the large-scale, low frequency motions of wind turbine wakes,
which could determine wake recovery rates, impact the loads exerted on turbine structures, and play
a critical role in the design and optimal control of wind farms. This paper presents a comprehensive
review of previous work related to wake meandering. Emphasis is placed on the origin and
characteristics of wake meandering and computational models, including both the dynamic wake
meandering models and large-eddy simulation approaches. Future research directions in the field are
also discussed.
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1. Introduction

Meandering is a natural phenomenon, which manifests itself in both erosional and depositional
systems, in the form of slow lateral motions of river beds, as well as in the atmospheric boundary
layer, in the form of low frequency, large-scale, energetic motions of wind turbine wakes (see Figure 1).
Because of wake meandering, downwind turbines in a wind farm will encounter the wake of upwind
turbines aperiodically in time. Such large-scale coherent fluctuations could cause increased turbulence
levels and impart structural loads that could impact turbine structural integrity and increase the
levelized cost of energy. Wake meandering can be influenced by, among others, large-scale eddies
in the atmosphere, site-specific effects, turbine-induced turbulence coherent structures, and flow
instabilities. The specific roles and interactions among these different factors and their combined
effect in giving rise to the phenomenon of wake meandering are not yet fully understood. In this
paper, we review current knowledge of and ongoing research on wake meandering, focusing on the
computational models for wake meandering and the physics of this phenomenon as derived from
recent computational and experimental studies. For a general review on turbulent flows in wind farms,
readers can refer to the paper by Stevens and Meneveau [1].

Energies 2019, 12, 4725; doi:10.3390/en12244725 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2606-0672
http://dx.doi.org/10.3390/en12244725
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/24/4725?type=check_update&version=2


Energies 2019, 12, 4725 2 of 20

Figure 1. Schematic of wake meandering. Close to the turbine, the wake is dominated by the tip and hub
vortices. Meandering occurs in the far wake, starting few rotor diameters (typically 3–5 rotor diameters)
downwind and influenced by large-scale eddies in the atmosphere and shear-layer instabilities. Such
instabilities can be triggered or enhanced by the interaction between the precessing hub vortex and
the wake shear layer. This figure shows the isosurface of the vorticity magnitude and the contours of
downwind velocity on a horizontal plane located at turbine hub height from a large-eddy simulation
of the SWiFT turbine [2] with turbine blades and nacelle parameterized using the actuator surface
model [3]. Red and blue colors represent high and low wind speed, respectively.

Wake meandering was observed in early studies because the time-averaged wake velocity deficits
observed in the field were often smaller than the corresponding instantaneous centerline velocity
values, as documented in theoretical predictions [4] and wind tunnel experiments [5]. In [4–6], wake
meandering was attributed to the temporal variation of the freestream wind direction. To account for
the effects of wake meandering, wake deficit corrections were proposed, such as the relation employed
by Ainslie [5], i.e., ∆U = ∆U0 (1+ 7.12 (σθ x/rw))−1/2, where ∆U0 is the centerline velocity deficit
without correction, rw is the wake width, σθ is the standard deviation of wind direction fluctuations,
and x is the downwind distance from the turbine, and the relation proposed by Hogstrom et al. [7],

i.e., ∆U = ∆U0σr/
√

σ2
r + σ2

c , where σr is the standard deviation of velocity deficit ∆U/U∞ (U∞ is
the free stream incoming velocity) and σc is the standard deviation of wake centerline fluctuations.
In the relation proposed by Hogstrom et al. [7], it was assumed that the velocity deficit distribution
without wake meandering is Gaussian and the distribution of wake centerline fluctuations is Gaussian.
In the work by Baker and Walker [8], the standard deviation of wake centerline fluctuations was
assumed to grow linearly with downstream distance x and in proportion to the standard deviation
of the wind direction. Hogstrom et al. [7] also assumed a linear relationship between the standard
deviation of wake centerline fluctuations and the turbine downwind distance x, but argued that
the coefficient should be determined by eddies larger than the width (or diameter) of the wake.
Furthermore, Zambrano and Gyatt [4] assumed that eddies larger than the wake diameter cause the
wake to meander, while eddies smaller than the wake diameter are only responsible for augumenting
mixing of the wake with the ambient flow. This assumption forms the basis for the so-called dynamic
wake meandering (DWM) model developed by researchers at the Technical University of Denmark [9],
which is widely used today and is described in great detail in Section 2.1. Medici and Alfredsson [10],
on the other hand, hypothesized that wake meandering in wind turbines is similar in nature to the
large-scale fluctuations observed in wakes shed from bluff bodies. They based their hypothesis on
results obtained from a wind tunnel experiment with a two-bladed wind turbine model (diameter
D = 0.18 m) for different tip–speed ratios and different yaw conditions, in which the Strouhal number
of the low frequency wake motion was observed to be independent of the freestream velocity and
the turbulence level. Effects of wake meandering on the time-averaged wake were examined in [11].
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Development of control strategies for mitigating the negative effect of wake meandering can be found
in [12].

This review is organized as follows. In Section 2, we first present existing wake meandering
models emphasizing the DWM model, large-eddy simulation (LES) approaches, and inflow turbulence
generation methods. In Section 3, we review current knowledge about the physics of wake meandering
derived from experimental and numerical models. Finally, in Section 4, we summarize the key findings
of this review and discuss future research directions.

2. Wake Meandering Models

Types of models have been used thus far to study wake meandering: (1) reduced-order models
that are based on empirical knowledge and/or solve simplified equations; and (2) high-fidelity
models that solve numerically the Navier–Stokes equations for turbulent flows. The aforementioned
DWM model belongs in the former category and is being used extensively in practice. Large-eddy
simulation (LES), solving the filtered Navier–Stokes equations closed with a subgrid-scale model,
belongs in the latter category and is, at least in principle, able to capture the energetic flow structures
in wind farms and predict the unsteadiness of atmospheric turbulence and turbine wakes. We briefly
describe both modeling strategies, in Sections 2.1 and 2.2, respectively. For both the DWM model
and LES, the velocity field of the incoming atmospheric turbulence needs to be prescribed as inlet
condition. For that, in Section 2.3, we review two popular techniques used in the literature for
generating the incoming atmospheric turbulence. The Reynolds-Averaged Navier–Stokes (RANS)
method, which cannot accurately predict the flow unsteadiness and thus is not suitable for wake
meandering simulations, is not discussed in this review.

2.1. The Dynamic Wake Meandering Model

The basic assumption of the DWM model [9] is that the meandering of turbines wakes is driven by
the large-scale eddies in the atmospheric boundary layer, which are assumed to be advected as passive
scalars. Using this assumption, the DWM model consists of three building-blocks: the model for wake
meandering, the model for the wake velocity deficit, and the model for turbine-added turbulence.

In the model for wake meandering, it is assumed that the atmospheric turbulence can be
decomposed into large-scale eddies, which are solely responsible for wake meandering, and small-scale
eddies, which affect turbulence mixing and impact wake recovery [13]. To obtain the large-scale velocity
fluctuations, a low-pass filter is applied to a prescribed incoming turbulence field (see Section 2.3 for a
method to obtain such inflow velocity fields). A sequence of wake deficit profiles is then released at
the turbine location and superimposed on the incoming turbulent flow at consecutive time instants.
These wake deficits are assumed to be advected as passive scalars with downwind advection velocity
prescribed by the user (set equal to the ambient velocity in [14] and 80% of the ambient velocity in [15])
and transverse and vertical advection velocities specified by the respective velocity components of the
incoming large-scale eddies. Taylor’s frozen flow hypothesis is employed for the downwind advection
of the wake assuming that the downwind variation of the large-scale eddies is negligible [16]. In the
model for the velocity deficit, the velocity in the wake is computed by solving the simplified thin shear
layer Navier–Stokes equation as follows:

U
∂U
∂x

+V
∂U
∂r

= −
1
r

∂ (ruv)
∂r

, (1)

∂U
∂x

+
1
r

∂(rV)
∂r

= 0, (2)

where U and V are the time-averaged velocity in the axial and radial directions, respectively, and the
Reynolds shear stress −uv can be modeled using an eddy viscosity concept as follows:
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− uv = νt
∂U
∂r

, (3)

where the eddy viscosity νt is modeled in two parts, one caused by the ambient turbulence and the
other one added by the turbine, which is caused by the wake shear layer as well as the blade shed
trailing vortices.

Several improvements on the DWM model have been proposed in the literature. In the original
formulation of the model, the turbine-added turbulence was modeled using the difference between
the minimal velocity in the wake and the ambient velocity, so that the eddy viscosity is constant for
different radial locations. In [17], the turbine-added eddy viscosity is calculated based on a mixing
length formulation using the radial gradient of the downwind velocity U and the so-determined
radial distribution of the eddy viscosity is incorporated into the DWM model. In [18], approaches for
considering the effect of the atmospheric shear and the turbine-added turbulence for a row of turbines
were developed for the DWM model. In [15], the effects of non-neutral atmospheric stability on the
velocity and length scales in the atmospheric turbulence were taken into account in the DWM model
by adjusting parameters in the formulation for determining inflow conditions, which was based on
Mann’s method [19,20]. A method for handling multiple wake interaction in the DWM model was
developed in [21].

The DWM model was validated using field and LES data. Calibration and validation of different
parts of the DWM model were carried out in [13] by comparing LES with the turbines parameterized
as actuator disks and actuator lines. Bingol, Larsen, and Mann [22] employed the wind directions
measured at the reference mast as inputs for the DWM model to predict the wake position of a Tellus
95 kW turbine and found a convincing correlation between the predicted wake movement and the
actual wake movement measured using LiDAR. The DWM model was validated for loads and power
production using the data in the Egmond aan Zee wind farm for two conditions, one under free-stream
wind condition and the other under the conditions created by wakes from upwind turbines [21].
Validation of the DWM model without an aeroelastic model for power production was carried out
in [23] by comparing with the data measured in Horns Rev, Lillgrund, Nysted, and Weingermeer
wind farms. Validation of the DWM model for tower load prediction was carried out in [24] using the
measurements in the Nysted II wind farm.

Different types of wake meandering models have been developed in the literature. Towards
building a real-time dynamic wake meandering model, Muller et al. [25] found that the lateral force
fluctuations on a wind turbine can be used as the indicator to predict the real-time meandering
of its generated wake. Their work also demonstrated strong correlations between the incoming
transverse velocity fluctuations and the lateral wake positions for wavelength larger than three
disk diameters. In [26], a simplified dynamic wake model was developed based on the proper
orthogonal decomposition (POD) modes. A computationally efficient approach using the database
created using the DWM model was proposed in [27] for computing the wind farm power production.
Thogersen et al. [28] developed a so-called statistical meandering wake model, which assigns random
directional deflections to the Jensen’s wake model [29] (with a small entrainment constant) for the
wake meandering effect. The wind speed and wind direction changes due to the incoming large-scale
eddies may also be included in other analytical wind farm models [30–32] to account for the wake
meandering driven by large-scale eddies.

2.2. Large-Eddy Simulation of Wind Farm Turbulence

LES, which resolves the energetic turbulence scales and models sub-grid scales using a
sub-grid-scale model, is capable of simulating the coherent flow structures (e.g., tip vortices and
wake meandering) in wind farms and has been widely used in the wind energy community [33–39].
In this section, we briefly describe LES models for wind farm simulations.
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2.2.1. Governing Equations

In wind energy application, the air is usually considered as an incompressible Newtonian fluid.
The governing equations for LES of wind farms are the spatially filtered continuity, momentum, and
temperature equations written in a non-dimensional form as follows:

∂ui
∂xi

= 0, (4)

∂ui
∂t
+

∂uiuj

∂xj
= −

∂p
∂xi

+ Re−1 ∂
2ui

∂xj∂xj
− Ri(T − Tb)δ3i + fi −

∂τij

∂xj
, (5)

∂T
∂t
+

∂Tuj

∂xj
= Re−1Pr−1 ∂

2T
∂xj∂xj

−
∂λj

∂xj
(6)

where ui, p, and T are the filtered velocity, pressure, and temperature, respectively; Re is the Reynolds
number, Re = Ure f Lre f /ν (where ν is the kinematic viscosity, Ure f is the reference velocity, and Lre f is
the reference length); Ri is the Richardson number, Ri = ∆TgLre f /T0U2

re f (where g is the gravitational
acceleration, ∆T is the scale for normalizing the temperature difference in the buoyancy term, and T0 is
the reference temperature); Pr is the Prandtl number, Pr = ν/k (where k is the thermal diffusivity); fi is
the body force term introduced by the wind turbine; τij = uiuj − uiuj is the sub-grid scale stress tensor;
and λj = Tuj − T̄uj is the sub-grid temperature flux. The sub-grid scale stress can be modeled as

τij = −2νtSij (7)

where νt = C∆
2∣S∣ (∆ is a length scale proportional to a measure of the grid spacing), Sij =

(∂ui/∂xj + ∂uj/∂xi) /2 is the strain rate tensor, ∣S∣ =
√

2SijSij, and the model coefficient C can be
determined using a dynamic procedure [40–42]. The sub-grid temperature flux λj can be modeled as

λj = −kt
∂T
∂xj

(8)

where kt = CT∆
2∣S∣, and the model coefficient CT can be calculated using a dynamic procedure [43].

The employed grids in wind farm scale simulations are often not fine enough to resolve the
viscosity-dominated regions near the ground and turbine structures. A wall model has to be employed
to provide correct effects of the wall on the outer flows. Several wall models have been employed
in wind energy applications, such as the wall model based on simplified thin boundary layer
equations [44], the wall model based on the logarithmic law [45] and the wall model based on
power law [46]. For non-neutral atmospheric flow, a wall model for temperature needs to be employed,
e.g., the one employed in [47]. For simulating wind farms in complex terrain, immersed boundary
methods can be employed [39].

2.2.2. Turbine Parameterizations

Turbulent flows in the wind energy applications occur across a large range of scales, ranging
from the thickness of the boundary layer over the blade (∼0.01 m) to the thickness of the atmospheric
boundary layer (∼1000 m) [3]. Resolving the spatial and temporal structures of the blade boundary
layer flow in wind farm scale simulations is thus extremely expensive. To overcome this difficulty,
turbine parameterization methods of different fidelity have been developed in the literature.

The most simple parameterization is to represent the turbine rotor as a permeable disk
with distributed forces. The forces can be computed from the one-dimensional momentum
method [34,36,48], in which the axial component of the force is computed by Fa =

1
2 CTπR2U2

in (where
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CT = 4a(1 − a), a is the axial induction factor, R is the rotor radius, and Uin is the incoming wind
speed), and the tangential and radial components of the force are zero. The forces on the disk can
also be computed using the blade element method [35,48]. In this approach, the axial and tangential
components of the forces are computed using the blade geometry and aerodynamic information.
The effect of the rotor rotation can also be considered.

To more accurately account for the effects of the individual blade, actuator line models [33] and
actuator surface models [3,49] were developed. In the actuator line model, the blade is represented
using a straight line rotating about the turbine axis with forces distributed along the rotating line
determined using the blade element method. The drag and lift coefficients from simulations and
experiments are often based on two-dimensional geometry without considering three-dimensional
effects and the effects of rotor rotation. To address these issues, corrections for three-dimensional
effects [50] and the tip loss [51] need to be applied. In the actuator surface model, the blade is
represented using the surface formed by the chord at different radial locations. The forces on the
blade actuator surface are determined by the distributions of pressure coefficient in [49], which enables
the model to capture the chordwise variation of the forces exerted on the blade. Such approach,
however, is computationally more expensive for wind farm scale simulations because of the resolution
requirement in the chordwise direction. In [3], on the other hand, the forces are determined using
the blade element method and uniformly distributed in the chordwise direction. The method of
Yang and Sotiropoulos [3] is not as accurate as that of Shen et al. [49], but is computationally more
affordable for wind farm scale simulations. In the work of Yang and Sotiropoulos [3], an actuator
surface model for the nacelle was also proposed, in which the nacelle is represented using the actual
surface. The tangential component of the force on the nacelle can be prescribed by empirical relations or
obtained a priori by simulations or from experiments. The normal component of the force is computed
by satisfying the non-penetration boundary condition at the wall. Using grids of resolution similar to
actuator line models, the actuator surface models for blades and nacelle [3] were shown to be able to
predict the wake meandering and the effect of hub vortex instability on wake meandering successfully.
We note that the effect of the dynamics or the hub vortex and its effects on wake meandering cannot be
captured with standard actuator line models or simple representations of the turbine nacelle [52].

2.3. Generation of Inflow Turbulence

For both DWM model and LES, the characteristics of the turbulence in the incoming wind plays
an important role on the wake recovery and the meandering of turbine wakes. In general, there are
two approaches for generating the incoming turbulence numerically, i.e., the one based on the energy
spectrum and the one solving the Navier–Stokes equations in precursory simulations. Several synthetic
turbulence technique available in the literature (e.g., [19,53]). In this paper, we present Mann’s method
as an example. In Mann’s method [19], the velocity fluctuations are computed based on the von
Kármán spectral tensor considering the effect of shear, which is in the following form

Φij(k) = E(k)
2πk4 (δijk

2
− kik j), (9)

where the von Kármán energy spectrum is given as follows:

E(k) = αε
2/3L5/3 L4k4

(1+ L2k2)17/6
, (10)

where α is the Kolmogorov constant, ε is the rate of viscous dissipation of the specific turbulence
kinetic energy, and L is a length scale. Based on the rapid distortion theory [54], the shear effect is
taken into account using the wave vector at the equilibrium state in the following form,

k(τ) = (k1, k2, k3,0 − βk1) (11)
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where β ≡ dU
dz τ = Γ dU

dz (kL)−2/3 is the dimensionless eddy lifetime (τ is proportional to k−2/3, and Γ
is a parameter) [19]. To compute the velocity fluctuations using Mann’s method, the values of the
three parameters, i.e., Γ, L, and ε

2/3, need to be specified. Mann’s method was developed for neutral
atmospheric turbulence. To include the buoyancy effect, the atmospheric stability effect was considered
by adjusting the model parameters in [20] and applied to the DWM model in [15]. In [55], two
additional parameters for the thermal stability and the rate of destruction of temperature variance were
introduced to the spectral tensor by Larsen et al. The synthetic turbulence technique has advantages in
terms of computing time and the ability to specify exactly the required incoming turbulence. It also
has disadvantages regarding to its accuracy because of the simplifications and assumptions employed
in the model.

The other approach for generating the incoming turbulence is by solving the Navier–Stokes
equations in LES form in a precursory simulation by applying periodic boundary conditions in the
horizontal directions. After the flow reaches the statistically steady state, the instantaneous velocity
field at a cross section perpendicular to the downwind direction is saved at every time step and fed
as input to the inlet of the domain of the wind farm simulation. To generate large-scale eddies in the
inflow, an inflow turbulence generation technique using spires at the inlet (inflow–outflow boundary
condition in the downwind direction) was developed in [56]. In general, a precursory simulation can
generate a physical incoming turbulence but at a relatively high computational cost. Besides of the
computational cost, such approach also has difficulty in providing time-varying wind fields. A final
note is that neither of the inflow turbulence generation techniques can be directly applied to wind
farms in complex terrain.

3. The Physics of Wake Meandering

Two mechanisms have been proposed in the literature as the possible origin for the onset of
wake meandering, i.e., large-scale eddies in the atmosphere and shear layer instability similar to
the vortex shedding of bluff bodies. The notion that incoming large-scale eddies are considered to
be the cause for wake meandering can be traced back to studies in the 1980s (e.g., [4]). Recently,
the shear layer instability was also considered as the origin for wake meandering (e.g., [10] for wind
tunnel experiment and [52] for numerical simulations). In this section, we discuss recent advance
regarding our understanding of the origin for wake meandering as well as the characteristics of
wake meandering.

3.1. The Origin of Wake Meandering

Incoming large-scale eddies, which advect the wake deficits as passive scalars, have been proposed
to be the origin for wake meandering. To verify this hypothesis, Trujillo et al. [14] compared the wake
position predicted by the DWM model with that measured in the wake of a 95 kW wind turbine
(with a hub height of 29.3 m and a rotor diameter of 19.0 m). A fair agreement (with a maximum
cross-covariance of 0.58) between the prediction and the measurements was obtained, as shown in
Figure 2. Madsen et al. [13] observed a significant contribution from the wake meandering to the
increased turbulence while the contributions from breakdown of tip vortices and from the shear
layer are minor. España et al. [57] studied the wake meandering process by modeling the wind
turbine as a porous disk for two wind tunnel setups, i.e., one having atmospheric incoming turbulence
with the integral length scale significantly greater than the disk diameter, and the other one having
isotropic incoming turbulence with the integral length scale significantly smaller than the disk diameter.
As shown in Figure 3, more significant wake meandering was observed for the inflow with large-scale
eddies compared with the inflow with small scale isotropic turbulence. It was also shown that the extent
of the wake meandering in the transverse direction is higher than that in the vertical direction with the
ratio similar to that of the turbulence intensities of the corresponding components. España et al. [58]
further compared the wake from a porous disk with that from a solid disk for the two inflows. At the
3D downwind location, the Strouhal number of the vortex shedding frequency of the solid disk was
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observed to be about 0.1 for both inflows, which is between 0.1 and 1 for the porous disk under the
inflow with small scale isotropic turbulence and close to the dominant frequency of the inflow for the
porous disk under the inflow with large-scale eddies, respectively.

Figure 2. Comparison that examines the first origin of wake meandering, i.e., large-scale eddies,
which drive the wake deficits as passive scalars. Comparison of the wake position predicted by the
DWM model with the measurements for a 95 kW wind turbine. The measurement was taken using a
nacelle-mounted LiDAR system. The wind direction data from the sonic anemometers were employed
as input for the DWM model. A running average using a window size of two diameters was applied
to the wind direction data to remove the variations due to small scale eddies. Reproduced from [14].
Reprinted with permission.

Figure 3. Wind tunnel experiments that examine the effects of large-scale eddies on wake meandering.
The figure shows the wake centerline paths in the wake of a porous disk (axial induction factor α = 0.19):
(a,b) under atmospheric turbulence with the integral length scale 7.5–10 times greater than the disk
diameter; and (c,d) under isotropic turbulence with the integral length scale 3–10 times smaller than the
disk diameter. The hub heights corresponding to the full scale are 40 m and 140 m for (a,b), respectively.
The turbulence intensity of the downwind component is 3% and 12% for (c,d), respectively. Reproduced
from [57]. Reprinted with permission.

Shear layer instability similar to the vortex shedding of bluff bodies has also been considered
to be the cause of wake meandering. Medici and Alfredsson [10] studied the wake meandering of a
turbine model (D = 0.18 m). They observed a low frequency motion overlaid on the periodic variation
caused by the tip vortices (shown in Figure 4a), and hypothesized that this low frequency motion is
generated in the same way as for a solid disk [10]. Figure 4b shows the Strouhal number of the low
frequency motion as a function of the tip speed ratio. Medici and Alfredsson [59] further investigated
the frequency of wind turbine wake meandering for wind turbine models with one, two, and three
blades but did not observe meandering motion for the one-bladed turbine. It was found that both the
thrust of the turbine and the tip speed ratio influence the meandering of turbine wakes, as shown in
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Figure 4c. Barlas et al. [60] studied the turbine wake meandering for rough and smooth surfaces in
an atmospheric turbulent boundary layer wind tunnel and observed wake meandering of Strouhal
number in the order of 0.25, typical for a bluff body.

Figure 4. Wind tunnel experiments that support the hypothesis that wake meandering is caused by
shear layer instability similar to the vortex shedding of bluff bodies. (a) Time signal of the downwind
velocity close to the centre of the tip vortices at 1D turbine downwind. (b) Strouhal number as a
function of the tip speed ratio λ. ◦: Uh = 8.3 m/s, no turbulence; □: Uh = 8.5 m/s, 4.5% grid turbulence;
△: Uh = 5.5 m/s, no turbulence. (c) Thrust coefficient as function of the tip–speed ratio. +: 1 blade,
pitch = 8◦; ×: 1 blade, pitch = 11◦; ▫, ▪: 2 blade, pitch = 8◦; ⋄,⬩: 2 blade, pitch = 11◦; ◦,•: 3 blade,
pitch = 11◦. Meandering was not observed for the turbines with one blade. Filled symbols indicate the
existence of wake meandering. Reproduced from [10,59]. Reprinted with permission.

The precessing hub vortex downwind of the turbine nacelle has also been proposed as a
mechanism for triggering or enhancing the meandering of turbine wakes. Chamorro et al. [61]
observed low frequency motion of Strouhal number 0.28 at distances greater than three rotor diameters
downstream of a axial-flow hydrokinetic turbine (which has a rotor of diameter 0.5 m placed in flume
of 1.8 m deep and 2.75 m wide). Using geometry-resolving large-eddy simulation, Kang et al. [52]
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simulated the same turbine as in [61] and observed that the precessing hub vortex interacts with
the tip shear layer at around three rotor diameters downstream of the turbine, which coincides
with the location where wake meandering originates. Using LES with the turbine parameterized
as actuator disk and actuator lines (approaches which cannot predict the correct dynamics of the
hub vortex), Kang et al. [52] showed that, while the precessing instability of the hub vortex does not
cause wake meandering, it energizes large-scale motions and leads to a larger and more energetic
wake meandering region several rotor diameters downwind. Iungo et al. [62] found the presence of a
helicoidal unstable mode of the hub vortex , similar to the precessing vortex mechanism identified
by Kang et al. [52], through linear stability analysis of the turbine wake data from wind tunnel
measurements. A hub vortex instability analysis taking into account the Reynolds stresses was further
carried out by Viola et al. [63]. Howard et al. [64] investigated the wake meandering of a model
turbine (D = 0.13 m) for four different conditions, i.e., free-rotating without applied load, optimal
condition, with a turbine in its downwind and in the wake of an upwind turbine. Their analysis
showed that the small scale vortices in the hub shear layer and in the wake shear layer interact with the
hub vortex and evolve into large-scale wake meandering. The large-scale instability of the hub vortex
and its impact on the intensity of far wake meandering was further demonstrated by Foti et al. [65]
using geometry-resolving large-eddy simulation of the same model turbine as in [64]. The hub vortex
visualized using the low-velocity core is shown in Figure 5a. It was shown in [3,52] that actuator
models for the blades but without a nacelle model cannot capture the hub vortex and its effect on
the wake meandering (Figure 5b). An actuator surface model for the nacelle was then developed
in [3], which can predict the interaction of the nacelle-induced hub vortex with the tip shear layer on
relatively coarse grids, as shown in Figure 5c. The effect of nacelle on wake meandering for different
operational regimes was also examined [66]. It was found that the amplitudes of wake meanders
are underpredicted for the simulation without a nacelle model. In the numerical study of the wake
meandering in the Horns Rev wind farm [67], the nacelle was found to have a significant effect on the
wake meandering in the wind farm, enhancing the meandering amplitudes especially for the turbines
in the first several rows.

Okulov et al. [68] discussed that the most likely cause for the wake meandering in wind and water
tunnel experiments is vortex shedding as large-scale eddies do not appear in these experiments.
To verify this assumption, water flume experiments of using a rotor of diameter 0.376 m were
performed. They observed low frequency motions associated with the precession of a helical vortex of
Strouhal number 0.23 for different tip speed ratios and different incoming flow speeds, and suggested
that both effects from the large-scale atmospheric turbulence and the bluff body vortex shedding
should be taken into account for wind turbines under atmospheric turbulence conditions. In the study
of the wake meandering phenomenon within a 3× 3 scaled wind farm [69], the authors hypothesized
that “the formation of wake meandering appears, therefore, to be caused by the amplification of
the intrinsic instabilities of the wake by large-scale turbulent eddies within the ABL” based on the
observation that the observed Strouhal number is in favor of the intrinsic shear layer instability of the
wake, and that meandering does not appear for the inflow with integral length scales smaller than the
rotor diameter, as shown in [57]. The effect of incoming large-scale eddies on the meandering of the
2.5 MW EOLOS turbine was studied numerically using large-eddy simulation with the actuator surface
models for blades and nacelle in [70]. The large-scale turbulent structures of the inflow were generated
using a precursory simulation on a very large computational domain (more than four times larger in
the transverse direction). Two distinct peak frequencies, one for the meandering frequency caused
by the shear layer instability of Strouhal number about 0.15 and the other of a much lower Strouhal
number of 0.01 corresponding to the large-scale eddies of the inflow, are observed, as shown in Figure 6.
This observation adds significant credence to the assertion that both the incoming large-scale eddies
and the shear layer instability affect the low frequency motion of the wake. The dominant frequency
of the wake meandering caused by the shear layer instability barely influence the dominant frequency
of the inflow for the present cases, in which the peak frequency of the incoming large-scale eddies
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is almost one order of magnitude larger than that caused by the shear layer instability. However,
the magnitude of the PSD at the peak frequency of the inflow is significantly reduced by the turbine
until about 3D downwind of the turbine, where the peak PSD of the inflow large eddies recover to
values slightly lower than that upwind of the turbine. This observation is consistent with the field
measurement of full-scale wind turbines and was termed as a sheltering effect of the turbine in [71], as
shown in Figure 7. In [71], Heisel et al. studied the spectral characteristics of wake meandering using
both wind tunnel and field-scale measurements. It is noted that, in this review, we refer to turbines
such as the EOLOS turbine of 96 m rotor diameter as utility scale, the SWiFT turbine of 27 m rotor
diameter and above as field scale, and turbines employed in wind tunnels (e.g., the G-1 wind turbine
model of rotor diameter 1.1 m [66] and the miniature model turbine of rotor diameter 0.13 m [64])
as laboratory scale. A deficit of the energy of the large-scale eddies (as shown in Figure 7a,b for
the field-scale measurements) is observed in both measurements, which is caused by the transfer of
energy from the large-scale eddies to the small scales in the turbine wake, which was also observed in
numerical simulations, as shown in Figure 6. Heisel et al. [71] postulated that the wake meandering is
driven by two different mechanisms, i.e., one by the large-scale eddies and the other by the shear layer
instability as bluff bodies, at two separate scales, which is consistent with and demonstrated by the
LES results of Yang and Sotiropoulos [70], as shown in Figure 6. In the study of wake meandering of an
infinitely long row of wind turbines, Andersen et al. [72] observed three distinct peak frequencies and
claimed that the two lower frequencies are related to turbine spacing, and the third one is related to
the vortex shedding of the wind turbine as a bluff body with a Strouhal number of 0.19. Andersen et al.
concluded that the low frequency dynamics of turbine wakes deep within a wind farm are related to
not only the large-scale eddies of the atmospheric turbulence but also those caused by turbine wakes
and wake interactions.

Figure 5. Effects of hub vortex on wake meandering. (a) Hub vortex at two time instants visualized
using a low-velocity core computed using geometry-resolving large-eddy simulation. T is the rotor
rotating period. (b–d) Time-averaged spanwise vorticity on the vertical plane passing through the
rotor center for simulations using the actuator surface blade model only, the actuator surface models
for blades and nacelle, and the immersed boundary geometry-resolving model, respectively. (a) is
reproduced from [52]. (b–d) are reproduced from [3]. Reprinted with permission.
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Figure 6. The coexistence of the two mechanisms for the low frequency motions of turbine wakes.
The figure shows the results from LES of a utility-scale turbine under the inflow with large-scale
eddies. (a,b) Power spectral density (PSD) profiles from cases of different tip–speed ratios at different
downwind locations. (c,d) Downwind variations of the maximum PSD and the corresponding
frequency in two regions of different ranges of frequency for: (c) 0.01 ≤ f D/Uh < 0.02; and (d)
0.14 ≤ f D/Uh < 0.2. The PSD is computed using the spanwise velocity fluctuations at different
downwind locations along the rotor centerline. Red solid line: λ = 6.8; green dashed line: λ = 7.8; blue
dash-dot line: λ = 8.8; and cyan dotted line: λ = 9.3. Reproduced from [70]. Reprinted with permission.

Figure 7. Effects of turbines on the incoming large-scale eddies based on the measurements in a
full-scale wind farm. The figure shows the premultiplied velocity spectra as a function of the Strouhal
number for different deployments at different downwind locations. The shaded areas in (b) show
the wake energy excess or wake energy deficit compared with that of inflow. Reproduced from [71].
Reprinted with permission.
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3.2. The Characteristics of Wake Meandering

3.2.1. The Frequency of Wake Meandering

Chamorro and Porte-Agel [73] observed the wake meandering of a model turbine for both neutral
(St = 0.40) and stable (St = 0.33) stratification conditions but with a lower predominant frequency for
the stable condition. In [74], a Strouhal number of 0.35 was observed at 1D and 2D downwind locations
of a model turbine (D = 13 cm). Howard et al. [64] systematically investigated the characteristics of
the wake meandering of a model turbine (D = 0.13 m) and found that the Strouhal number of the hub
vortex is about 0.7 and the Strouhal number of the large-scale oscillations is about 0.3. With the data
of their own measurements and those in the literature, Heisel et al. [71] found that the values of the
Strouhal number from laboratory-scale and field-scale experiments are in the same range independent
of Reynolds number. Foti et al. [67] investigated the characteristics of wake meandering in the Horns
Rev wind farm using LES with actuator surface models for the turbine blades and nacelle. Figure 8
shows the contours of row-averaged power spectral density at a function of x/D and Strouhal number.
The Strouhal number for peak power spectral density is about 0.3 for the turbines in the first two rows
and about 0.2 for all the following rows. In the study of wake meandering within a 3× 3 scaled wind
farm placed in the neutral boundary layer of a wind tunnel with the turbulence intensity at hub height
10.5%, and the integral length scale at hub height 3D, Coudou et al. [69] observed wake meandering of
Strouhal number 0.20–0.22 for all the turbines at different downwind locations.

Figure 8. The existence of similar wake meandering frequency in a wind farm. Large-eddy simulation
of the Horns Rev wind farm. The figure shows the contours of the row-averaged pre-multiplied power
spectral density as a function of the downwind distance and Strouhal number. Vertical blue lines
delineate the axial location of each wind turbine. Annotations refer to the region of high PSD that is
associated with wake meandering and the circles mark the maximum PSD in the wake meandering
region in each corresponding turbine. Reproduced from [67]. Reprinted with permission.

3.2.2. The Amplitude, Wavelength, and Downwind Convection Velocity of Wake Meandering

Howard et al. [64] found that the amplitude of wake meander is about 0.1D–0.2D, the wavelength
of wake meander is about 1D, the downwind convection velocity of the wake meandering is about
0.5Uh to 0.7Uh for wake meandering of a model wind turbine (D = 0.13 m). Garcia et al. [75]
investigated the statistics of wake meandering using seven-month measurement of two aligned wind
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turbines (the distance between the two turbines is about 3D in the downwind direction depending
on the wind direction) in a full-scale wind farm. The standard deviation of the wake center positions
of the upwind turbine increases from 0.1D at 1D turbine downwind to about 0.2D at 3D turbine
downwind, and increases further to about 0.3D at 4D turbine downwind and gradually decreases at
further downwind locations when the second turbine is not directly in its downwind. The downwind
variations of the standard deviations of the wake center positions for the downwind turbine, which are
in the range of 0.2D–0.4D, are more complex than that of the upwind turbine. The wake meandering
behind the G-1 wind turbine model of rotor diameter 1.1 m operating in Regime 2 and 3 was
investigated using wind tunnel experiment and LES [66]. The wake meanders, as shown in Figure 9a–d,
are identified using a spatiotemporal filtering technique developed in [64,66]. Wake meandering of
frequency around 0.3 is observed for both operational regimes. The amplitudes of wake meanders
gradually increase in the downwind direction and are observed to be larger for the turbine operating in
Regime 2, as shown in Figure 9e. The wavelengths of wake meanders are observed to be similar for the
two regimes and gradually increase from 1D at 1D turbine downwind to 2D at 7D turbine downwind,
as shown in Figure 9f. The dynamics of wake meandering for different turbine designs was investigated
in [76]. Four different turbine designs including a model wind turbine (D = 0.128 m), the G1 turbine
(D = 0.11 m) designed by Campagnolo [77], the SWiFT turbine (D = 27 m) [78], and the EOLOS
turbine (D = 96 m) at University of Minnesota [79,80] were considered. Similarities regarding the wake
meander statistics were observed. Figure 10 shows the downwind variations of the amplitudes and
wavelengths of wake meanders. As shown in Figure 10b, the differences of meandering amplitudes
from different turbine designs become smaller and close to that of bluff bodies when normalized using

the length scale defined as i.e., LT = UT/ fm, where UT =
√

T/ρπR2 (T is the thrust, ρ is the density,
and R is the rotor radius) and fm is the wake meandering frequency. The wavelengths ranging from
1D to 2D are also similar to each other for all the considered turbine designs, as shown in Figure 10c.
The velocity scale UT was used earlier in [81] for scaling the turbine-added turbulence kinetic energy
for cases with a three-dimensional hill located at different distances upwind of the turbine. It was
found that the profiles of turbine-added turbulence kinetic energy at far wake locations collapse with
each other when normalized by the velocity scale UT . In the numerical study of the wake meandering
in the Horns Rev wind farm [67], the wake meandering amplitudes normalized by LT were found
to be similar with each other for turbines in different rows. Higher wavelengths were observed in
the very deep of the wind farm. Characterization of wake meandering has been focused on spectral
analysis, meandering amplitude and meandering wavelength as discussed in this section. Analysis
of wake meandering using dynamic mode decomposition (DMD) [82] was carried out in [65]. It was
shown that the fundamental features of wake meandering can be reasonably captured using the hub
vortex mode and wake meandering mode. Further studies on the characteristics of wake meandering
using the DMD or POD [83] method are needed, which can be used to develop machine learning based
wake meandering models.
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Figure 9. Wake meandering characteristics for different turbine operational regimes. Instantaneous
vorticity magnitude, ωD/Uh, with velocity minima (dot) and meander profile (line) for: (a) Region 2,
actuator surfaces models for both blades and nacelle (R2-BN); (b) Region 2, actuator surfaces models for
blades only (R2-B); (c) Region 3, actuator surfaces models for both blades and nacelle (R3-BN); and (d)
Region 3, actuator surfaces models for blades only (R3-B). Average meander profile (e) amplitude (A)
and (f) wavelength (λ) with respect to distance from rotor plane, x/D, nondimensionalized by the
diameter D. Black solid lines: R2-BN; black dashed line: R2-B; red solid lines: R3-BN; and red dashed
line: R3-B. Reproduced from [66]. Reprinted with permission.

Figure 10. Similarity of wake meandering for different turbine designs: (a) amplitude of wake
meanders scaled by rotor diameter; (b) amplitude of wake meanders scaled by the length scale
LT , with squares [84] and circles [85] for the meandering amplitudes of bluff bodies; and (c) wavelength
scaled by rotor diameter. Large-eddy simulation with actuator surface models for turbine blades and
nacelle is employed for all the turbine simulations. Black lines: the model wind turbine; red lines: the
G1 turbine; blue lines: the SWiFT turbine; and green lines: the EOLOS turbine. Reproduced from [76].
Reprinted with permission.

4. Summary

The dynamics of wake meandering is complex and its emergence can be attributed to two
mechanisms: (1) forcing by large eddies in the atmospheric turbulence advected downwind as passive
scalars; and (2) shear layer instability similar to the vortex shedding behind bluff bodies. The first
mechanism seems to be more prevalent at field scale [14], while the second mechanism is often
observed at laboratory scale [59]. Recent experimental and computational studies [70,71], on the
other hand, suggest the coexistence of the two mechanisms at utility scale. Wake meandering is
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characterized by, among others, its frequency, amplitudes, and wavelength. The Strouhal number
of the meandering frequency is found to be in a range (about 0.1–0.4) independent of the Reynolds
number [71]. The amplitudes of meandering are found to grow in the downwind direction [76].
In wind farms, the meandering amplitudes are found to be larger for the turbines at downwind
locations [67,75]. The wavelength is in the order of rotor diameter, as shown in [64–66].

We review different wake meandering models including the DWM model and LES with different
turbine parameterizations. The DWM model is the most computationally efficient one but the accuracy
of its predictions relies on the thin-shear layer simplification and Taylor’s frozen flow hypothesis.
To apply the DWM model to actual wind farm designs, the eddy viscosity employed in the thin-shear
layer equation and other model parameters should be carefully calibrated using measurements and
high-fidelity simulations to account for the site-specific effects. Compared with the DWM model,
LES requires much more computational resources but can predict wake meandering at higher-order
accuracy. In the existing actuator type models, the actuator surface model taking into account the
effects of the nacelle geometry and the chordwise geometry of turbine blade is preferred. However,
the actuator surface model requires spatial resolutions higher than that in the actuator disk/line
simulations, for instance at least 4–5 cells per nacelle diameter are recommended in actuator surface
simulations [3]. For utility-scale wind farm simulations, LES with actuator disk/line models, which
can capture the effect of incoming large eddies and the interaction between incoming turbulence
and turbine wakes, can be employed to reduce the computational cost, even though they cannot
accurately predict the nacelle effects and the hub vortex and may underpredict the intensity of wake
meandering [52].

As we can notice from this review, most of the work on wake meandering has focused on relatively
simple conditions. To achieve site-specific optimal wind farm design and operation [86,87], further
research from both fundamental and applied points of view needs to be carried out. Such work
should focus, among others, on: (1) the role and interaction of the two wake meandering mechanisms
for different turbine operational and atmospheric conditions; (2) the physics and models for wake
meandering in complex terrain, under offshore conditions with breaking waves [88] and in coastal
areas [89]; and (3) extension of the meandering models to the wake of marine and hydrokinetic
energy devices (may be of complex configuration [90]) interacting with sediment transport [91,92] and
different types of turbulent eddies [93,94].
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PSD Power spectral density
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