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Abstract.

The aim of this study is to evaluate and quantify the effect of the incoming flow on the
coherent structures characterizing the wake of two NREL reference wind turbines with different
dimensions: the NREL 5-MW and the NREL 15-MW. The Dynamic Mode Decomposition
(DMD) approach has been used to detect dynamically-relevant flow structures. We employ
the Sparsity-Promoting version of the DMD (SPDMD) algorithm for ranking the most relevant
modes, in order to extract a limited subset of relevant flow features that optimally approximate
the original data sequence. The dataset on which the SPDMD is based consists of ordered
snapshots obtained by Large Eddy Simulations (LES), where the Actuator Line Method (ALM)
simulates the rotor and the Immersed Boundary Method (IBM) models the tower and nacelle.
To ensure a realistic comparison, the two turbines are subjected to two turbulent inflows with
the same mean Atmospheric Boundary Layer (ABL) obtained through a precursor simulation.
The results reveal significant differences in the dependence of the absolute value of the DMD
amplitudes on the angular frequency for the two turbines. However, the coherent structures
appear to have the same shape for the main modes, although the tip vortex structures have a
higher dynamic relevance for the NREL 15-MW turbine. This is due to the larger length scales
imposed by the rotor and the lower turbulence intensity at the taller rotor height.

1. Introduction

Improving the efficiency of new turbines and wind farms is mandatory in order to achieve the
goal of limiting the global surface temperature increase to 1.5°C' above pre-industrial levels by
the end of this century. To achieve a higher power capacity, there is a clear trend towards
increasing rotor diameters and hub heights for both on-shore and off-shore turbines [1]. In
the case of on-shore applications, single-unit power production of 5-6 MW with diameters of
160-170 m are being developed, largely raising the average installed power registered in 2018,
namely 2.6 MW. For off-shore installations, single wind turbines will achieve 15-20 MW in the
next 10-20 years, reaching diameters of about 250 m and hub heights of 150 m.

Due to the considerable increase of hub heights and rotor diameters of innovative wind
turbines, the effect of the gradient along the vertical direction of the atmospheric boundary
layer (ABL) flow impacting the wind turbine cannot be neglected [2]. In fact, the gradient
of the streamwise inflow velocity strongly affects the blade loading, increasing the load on the
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blades pointing upwards in the ABL [3]. Moreover, the mean flow shear and the temporal and
spatial frequencies of the turbulent fluctuations have a relevant effect on the operational state of
a turbine and on the dynamics of its wake [4]. The latter effect is crucial for turbines clustered
into farms, where the wind turbines are aerodynamically coupled through the characteristics
of their wakes [5, 6]. Waked wind turbines have been found to have an efficiency reduction of
40% for the single turbine in off-shore applications [7, 8], indicating that correctly evaluating
the wake recovery is paramount for estimating the power production of the turbines. Therefore,
thorough modeling of the mutual effect of the incoming ABL on the wakes is crucial for efficiently
optimizing the layout of the turbines and controlling their power generation in wind farms,
ensuring high efficiency, flexibility, and security.

Concerning the impact of the incoming ABL on the wake, numerical [9] and experimental
data [10, 11] indicate that single-turbine wakes recover much faster when the incoming flow
shows higher turbulence intensity levels. In fact, the typical non-uniform ABL mean velocity
profile, which follows a logarithmic law for neutral conditions, and its turbulence distribution
induces a higher level of shear production of turbulent kinetic energy in the upper part of the
wake [12]. For more deeply evaluating the effect on the turbine wake of the main features of
the incoming ABL, such as flow shear and fluctuation spectrum, modal decompositions can be
used for identifying the most relevant flow features, from an energetic or dynamical point of
view. Two notable examples are Proper Orthogonal Decomposition (POD), which extracts the
more energetic structures within the flow and has been extensively applied to wind turbine’s
wakes [13, 14, 15], and the Dynamic mode Decomposition (DMD), which recovers the more
dynamically relevant frequencies and their spatial distribution [16], whose use is more recent.
Using Large-Eddy Simulations (LES) coupled with DMD, De Cillis et al. [17] demonstrated that
inflow turbulence generated by a precursor simulation radically changes the most dynamically
relevant flow structures in the wake of a wind turbine. Notably, the wavelengths and frequencies
of the most relevant coherent modes mostly correspond to those dynamically relevant within the
considered ABL. Thus, the features of the inflow turbulence appear to drive those developed
in the wake exogenously. The impact of these flow structures on wake recovery has been
further investigated by Cherubini et al. [18] using POD. It has been found that while POD
modes related to the tip and root vortices sustain the velocity gradient [19], the low-frequency
flow structures exogenously triggered by the turbulence at the inflow contribute positively to
wake recovery. These results indicate that inflow turbulence should be taken into account for
accurately estimating the main wake features and the entrainment process leading to the recovery
of the wake. However, these studies have been limited to the NREL 5-MW wind turbine and one
single inflow, undermining the generality of their conclusions for several types of wind turbines
and operational conditions. Due to the previously mentioned trend towards an increase of the
hub heights and rotor diameters, it is crucial to evaluate whether the results discussed above can
be extended to turbines of larger rotor diameters which are currently developed and installed,
and are subject to different mean shear and fluctuation wavelengths than smaller ones.

Towards this aim, the present work aims to investigate the effect of the turbulent ABL on the
wake of the large NREL 15-MW reference wind turbine using a Sparsity-Promoting Dynamic
Mode Decomposition (SPDMD) for the detection of dynamically relevant flow structures. The
DMD method [16] consists of finding the eigenvalues and the eigenvectors of a linear operator
approximating the non-linear dynamics embedded in the data sequence and it has been recently
exploited for the formulation of reduced order models (ROMs) of wind-turbine flows [20].
DMD processes time-resolved data, i.e., snapshots extracted from numerical or experimental
analyses, for determining the dominant temporal frequencies and associated spatial structures
characterizing the dynamics of the flow. Such DMD modes, characterized by a single time-
frequency, are non-orthogonal, and their contribution to the flow dynamics can be evaluated
using algorithms optimizing an objective function linked to the original flow reconstruction [21].
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This decomposition is particularly interesting for wind farm optimizations since one can easily
analyze which flow structures conserve a dynamical relevance in the wake of a wind turbine and
which frequencies are involved in the dynamic load acting over downstream turbines. In this
work, the data sequence is composed of snapshots obtained by an LES of the 15MW wind turbine
impinged by a realistic incoming ABL in neutral conditions, generated by a precursor LES. The
wake dynamics is then compared to that of the smaller NREL 5-MW turbine considered in De
Cillis et al [17].

This paper is structured as follows. Section 2 presents the numerical method used to generate
the dataset and describes some details of the SPDMD algorithm. Section 3 provides the set-
up of the precursor and turbine simulations. The main results are discussed in Section 4 by
comparing the numerical data obtained by the SPDMD algorithm applied to two wind turbines
of different sizes. The final section presents the conclusions and future perspectives.

2. Methodologies

2.1. Large Eddy Simulation and Actuator Line Model

The simulations of the flow impacting the wind turbine are carried out through a Large
Eddy Simulation (LES) based on the solution of the incompressible, filtered, 3D Navier-Stokes
equations. The latter is expressed in terms of non-dimensional variables using as reference
variables the undisturbed flow velocity, Us, and the turbine diameter, D. In order to solve the
filtered equations, a Subgrid-Scale (SGS) stress model is needed, which describes the interaction
between the large resolved and the sub-grid unresolved scales, as described by Pino Martin et al.
[22] and Santoni et al. [23]. Here, we employ the Smagorinsky model with constant Cs = 0.09 as
discussed by Martinez-Tossas et al. [24]. The effect of the blades on the flow is modeled by the
Actuator Line Model (ALM) [25], namely, adding a forcing term to the Navier-Stokes equations,
representing the force per unit volume exerted by the rotor on the fluid. By approximating the
rotor blades as rigid straight lines discretized into segments, it is possible to estimate the lift
and drag forces per unit length, on a 2D plane as follows:

1 1
F = §prelCl(a)CFa Fy= §PUfelCd(a)CF, (1)

where p is the air density, ¢ is the local chord, U,; is the relative incoming velocity, « is the
angle of attack, and F' represents the Prandtl tip loss correction factor [26]. The forces are then
projected on the flow employing a 2D Gaussian kernel, which spreads the lift and drag force
vector, f*“"° in cylinders surrounding the actuator line,

~ 1 o\ 2
.f — _faero&remp|:_<:> :|7 (2)
where 7, is the radial distance of a generic point of the cylinder from the actuator line and € is

the spreading parameter, where ¢/A > 2, with A = /Az2 + Ay? + Az2, following Troldborg
[25]. The tower and nacelle are then modeled using the Immersed Boundary Method (IBM)
following an approach similar to that proposed by Orlandi et al. [27].

2.2. Sparsity-Promoting DMD algorithm

Dynamic Mode Decomposition (DMD) is a data-driven technique that enables the extraction of
relevant flow features [28], i.e. the DMD modes, whose dynamics are governed by corresponding
eigenvalues.

The Sparsity-Promoting DMD (SPDMD) technique used in this work consists of selecting the
most important dynamical modes through a constrained error minimization function. The first
step is to collect M snapshots of the flow field at a constant sampling frequency. Each snapshot
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has dimension N = O X D, where O is the number of the variables observed, and D represents
the considered degrees of freedom. The latter is arranged in a vector as follows:

g = [u(t;) o(t) w(t)]’, 3)

where u(t;), v(t;), and w(t;) represent the streamwise, wall-normal, and spanwise velocity
components at time instant ¢;. The time evolution of the flow field is expressed as:

qi+1 :Aq’ia i:{oy'--vM_1}¢ (4)

where A is a linear time-invariant operator. We can then introduce the matrices

Qo=1lqq ... qu-1], Qi =[qq ... qul, (5)

and rewrite equation (4) as Q1 = AQy. Since the problem has a large number of degrees of
freedom, it can be reduced by projecting the operator A onto a r-dimensional Proper Orthogonal
Decomposition (POD) [29] basis using a Singular Value Decomposition (SVD) of Qy = USV™,
where U contains the POD modes. Therefore, A can be approximated by the similarity matrix
A, as A =UAU". For evaluated A we minimize the Frobenius norm of the difference between
Q1 and AQy, obtaining the optimal solution:

A=-U*Q,vSsL (6)
A can be decomposed as follows:
1 z]
A:['wl 'wr} . (7)
\—/—/ %
w Hr Zr
| ——a
D, A

w; and z; being the right and left eigenvectors of the similarity matrix, respectively. The
DMD modes are then defined as ¢; = Uz]. Therefore, the snapshots can be expressed as a
linear combination of the DMD modes:

.
Gm ~UWDZ*U gy =Y pipla;, m={0,...,M —1} (8)
=1

where «; is the amplitude of the i-th DMD mode. Finally, equation (8) can be rewritten in the
matrix form:

a1 1 pr ... ug_i
Q2 1 pe ... 1> -

(@0 @1 - qu-i]=[e1 w2 ... @] . L . 9)
Qo ® ar| |1 pp ... pMl

D, Vand

The SPDMD algorithm used is similar to that presented in previous works [17, 30]. The
technique consists of a constrained minimization of the difference between the left and the
right term in the equation (9), defined as:

min J (o) +7 ) Jeul, (10)
=1

(67
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where ~v is a parameter that affects the sparsity level, «; is the amplitude vector and the
objective function is defined as:

J(ai) = |Qo — ®Da, Vanal - (11)

Notice that, the higher «, the more selective the algorithm. When ~ is set to zero, optimization
is not constrained by the number of selected modes, as in the classical DMD algorithm.

3. Simulation setup

This work primarily aims to compare the coherent structures in the wake of the NREL 5-MW
[31] and the NREL 15-MW [32] baseline turbines, whose features are reported in Table 1. To
this purpose, we employ the same average Atmospheric Boundary Layer (ABL) presented by
De Cillis et al. [17] and obtained by a precursor simulation.

3.1. Precursor simulation

The computational domain of the precursor simulation has dimensions 6 X 5 X 3 in diameter
units of the NREL 15-MW wind turbine. It is discretized by a staggered grid composed of
1024 X512 x 512 points in the streamwise, vertical, and spanwise directions, respectively. Periodic
boundary conditions are imposed in the streamwise and spanwise directions, whereas slip and no-
slip conditions are forced at the top and bottom boundaries, respectively. The desired turbulence
intensity and length scale are obtained by placing cubic roughness elements [33] on the bottom
wall of the box and achieving a Reynolds number Re = U,.;D/v = 108. Figures 1(a) and 1(b)
show the average streamwise velocity profile and the turbulence intensity profile, respectively.
The horizontal dotted blue line represents the NREL 15-MW hub height, while the red dotted
line highlights the NREL 5-MW hub height. Figure 1(c) shows the streamwise velocity contours
in the £ = 3 plane obtained by the precursor simulation, averaged over 80 time units. The
instantaneous time-varying flow fields in the same plane are fed to the turbine simulation at the
inflow points.
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Figure 1. (a) Average streamwise velocity profile =~ Figure 2. The computational box
and (b) turbulence intensity profile (percentage)  highlights the SPDMD subdomain and
obtained. The dotted blue and red lines represent  the position of the turbine which is 4
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3.2. Turbine simulation

The computational box has dimensions 12.5 X 5 X 3 diameter units and is discretized by a
staggered grid composed of 2048 X 512 X 512 points in the streamwise, vertical, and spanwise
directions, respectively. The grid is uniform along the streamwise and spanwise directions and is
stretched vertically, with gradually wider spacing in the region above the rotor. The boundary
conditions for this simulation are the same as for the precursor, except for the streamwise
direction. In this direction, the outlet boundary is subject to radiative conditions, while at inlet
points the velocity obtained by the precursor simulation is imposed. As one can see in Figure
2, the NREL 15-MW wind turbine is placed at 4 diameters from the inlet and operates at its
nominal rotational speed of 7.56 RPM.

Table 1. Comparison of the main features of the two turbines.

NREL 5-MW NREL 15-MW

Number of Blades 3 3
Rotor Orientation Upwind Upwind
Rotor Diameter [m] 126 240
Hub Height [m] 90 150
Design Tip-Speed Ratio [-] 7 9
Rated Wind Speed [m/s] 114 10.59
Rated Rotor Speed [RPM] 12.1 7.56

4. Results and discussion

In this section, we compare the most dynamically relevant coherent structures identified by
DMD in the wake of the NREL 15-MW wind turbine with those presented by De Cillis et al.
[17] in their work.

The dataset consists of 2000 consecutive snapshots sampled at a frequency corresponding to
a 10° rotor rotation. The overall average velocity is subtracted from each field. The amount
of snapshots was chosen based on a convergence study not reported here for brevity. To fo-
cus on the wake region, we apply the decomposition to a reduced 3D subdomain of extension
[3.8 — 12] x [0 — 2.33] X [0.5 — 2.5] diameter units in the z, y, and z directions, respectively.
Figure 2 shows the subdomain embedded within the entire computational domain. For the sake
of simplicity in writing, from this point forward the origin of the x-axis is located at 3.8 diameter
units, corresponding to the leading boundary of the subdomain. A study on the convergence of
the minimum POD subspace dimension showed that an appropriate value to describe the flow
features is 7 = 400. A classical DMD was performed starting from the eigenvalues of the matrix
A, as prescribed by the algorithm. Then, SPDMD was carried out for several sparsity levels.
The growth rate, defined as the imaginary part of the complex frequency w = —log(u)/(iAt) for
each DMD mode, 7 being the imaginary unit, is shown versus the real part of w, namely the mode
frequency, in Figure 3a. These results show the effect of different values of v on the distribution
of the selected modes. Therefore, increasing the sparsity level will extract the main features
corresponding to low-frequency modes, while decreasing v will embed some relevant modes at
medium to high frequencies. Figure 4 shows the amplitudes of the modes for a standard DMD
(orange stems) and for SPDMD at different values of . Six modes are selected for v = 50353
(black stems), while fifty-five modes are selected for v = 17623 (light blue stems). It is observed
that the standard DMD applied on the NREL 15-MW wind turbine wake produces increasing
amplitudes at higher frequencies (& (w) € [50 — 70]), which is in contrast to the results obtained
by De Cillis et al. in their work on the smaller turbine (please refer to Figure 14 in [17]). This
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might be due to differences in the ABL spectra at the hub heights of the two turbines. For this
purpose, a Power Spectral Density (PSD) analysis has been carried out on the inflow obtained
from the precursor. Two probes have been selected at the hub height of the NREL 5-MW and
15-MW turbines, centered in the transversal direction. The results in Figure 3b show that the
two spectra are quite close to each other, especially at the frequencies selected by the SPDMD.
This indicates that the incoming structures do not appear responsible for the differences in the
DMD spectra of the 15MW turbine with respect to the 5MW results by De Cillis et al. [17].

However, the SPDMD results with v = 50353 show that only the significant low-frequency modes
(R(w) € [0.28—2.5]) can be considered as relevant modes. This is a consequence of the turbine’s
large length scale, which highlights significant flow features at lower frequencies. Figure 5 shows
some of the most relevant modes selected by the SPDMD. As previously mentioned, the main
modes are associated with a low frequency and are therefore characterized by large structures
(see Figure ba, 5b, 5¢). Moreover, it is clear that the lowest frequency mode, as shown in Fig-
ure Ha, can still detect the presence of the tower and nacelle, which have frequency equal to zero.
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Figure 3. (a) Eigenvalues computed by the standard DMD (orange triangles) and by the
SPDMD for different sparsity levels: v = 50353 (black circles) and v = 17623 (light blue circles)

on a logarithmic scale. The eigenvalues are shown in terms of real and imaginary parts of

w = —loigA(é‘ ), where 7 is the imaginary unit and At is the time interval between consecutive

snapshots. (b) Power Spectral Density (PSD) of the precursor inflow at different rotor heights.
Vertical dotted red lines highlight frequencies corresponding to the first four SPDMD modes.

The amplitude spectrum shape resulting from the DMD analysis of the wake of an NREL 15-
MW turbine indicates the presence of potentially significant modes related to the tip vortex
structures. Therefore, a further SPDMD was conducted using a lower sparsity parameter
v = 17623. Figure 4 shows how the algorithm selected an isolated high-frequency mode at
M(w) = 54, which is three times the rated non-dimensional frequency of rotation for this turbine.
The iso-surface representation of this mode reported in Figure 5d shows how the pattern clearly
represents the shape of the rotor followed by a moderate number of tip vortices. In the analysis
conducted by De Cillis et al. [17], it was found that the incoming turbulence affected the DMD
modes in the wake of an NREL 5-MW turbine causing a derating of the high-frequency modes
related to the tip vortex structures (please refer to Figure 15 in [17]). However, for the larger
turbine considered here, the tip vortex-like structures are more dynamically relevant, probably
due to the lower turbulence intensity and possibly to the filtering effect due to the larger rotor
size. The latter might delay the breakdown of the endogenous coherent structures induced
by the turbine’s geometry, partially filtering the exogenous coherent structures of length scale
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0 20 40 60 80 100
R(w)
Figure 4. Value of the amplitude a on a logarithmic scale over frequency R(w). Results
are obtained from standard DMD (orange stems) and SPDMD for different sparsity levels:
v = 50353 (black stems) and v = 17623 (light blue stems).

w = 0.28095 w = 0.65518

(a) Mode 1 (b) Mode 2

w = 0.94503 w =54

(c) Mode 3 (d) High-frequency mode
Figure 5. Contours of the streamwise velocity for the first three modes selected by the SPDMD
algorithm with a v = 50353 (a) (b) (c¢) and high-frequency mode selected by the SPDMD
algorithm with a 7 = 17623 (d). The iso-surfaces colored in red indicate a positive streamwise
velocity U, = 0.0008, while the grey ones indicate a negative streamwise velocity U, = —0.0008.

lower than the turbine rotor. For investigating this point, Table 2 compares the dimensional
real frequencies selected by the SPDMD and the respective main wavelengths in the streamwise
direction for both turbines, computed by means of a Fourier analysis in the streamwise direction
as in De Cillis et al. [17], for the five most dynamically relevant modes sorted in terms of
decreasing amplitude. Comparing the dimensional spectrum of the most relevant modes for the
two turbines, one can see that the turbine dimension strongly affects the order of magnitude of
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the relevant frequencies. In fact, the algorithm selects much lower frequencies for the turbine
with the largest rotor. In particular, the streamwise wavelengths and temporal frequencies of
Mode 1 and 2 are related as A\IPMW ~ 2\3MW and 15MW = 0.3 -0.5 WSMW . The same relation
could be seen between Mode 5 of the smaller turbine and Mode 3 of the larger turbine. Lastly,
comparing Modes 3 and 4 of the smaller turbine to Mode 5 of the larger turbine reveals that
APMW o 9 NSMW and wPMW = 0.5 — 0.6 w>MW. This indicates that the turbine’s rotor acts
as a filter on the most dynamically relevant coherent structures, which have wavelengths and
temporal frequencies that scale proportionally to the rotor size.

Table 2. Real part of the frequency and main wavelengths in the streamwise direction for the
first five modes sorted by decreasing amplitude.

NREL 5-MW
(De Cillis et al. [17])

NR(w) [Hz] Az (m] R(w) [Hz] Az [m]

NREL 15-MW

Mode 1 0.0805 938.8 0.0417 1788
Mode 2 0.0932 938.8 0.0289 1788
Mode 3 0.1656 427.1 0.0123 1788
Mode 4 0.1800 452.3 0.0539 1788

Mode 5 0.0335 938.8 0.0960 812.9

5. Conclusions

In this paper, we performed a Dynamic Mode Decomposition (DMD) analysis of the wake of the
NREL 15-MW wind turbine. The aim is to understand the nature of the most relevant modes
by comparing the results with those obtained from the same analysis carried out on a smaller
turbine working with the same incoming ABL. The results showed significant differences in the
amplitude spectrum of the two turbines. First of all, the most relevant low-frequency modes
have much smaller frequencies (up to an order of magnitude) for the larger turbine. However,
there is a rise in the amplitude of high-frequency modes linked to tip vortex structures for the
larger turbine. The Sparsity-Promoting DMD (SPDMD) confirmed the importance of the mode
that characterizes the tip vortex coherent structures, selecting a mode having three times the
rated non-dimensional frequency of rotation for this turbine. These two discrepancies can be
due to the difference in turbulence intensities and main wavelengths at the hub height of the two
turbines. The lower turbulent intensity impacting the 15MW turbine delays the breakdown of
the endogenous coherent structures linked to the geometry of the larger turbine. Whereas, for
the smaller turbine, which is invested by a larger turbulence intensity, these structures lose their
coherence earlier. A Power Spectral Density (PSD) analysis has been conducted on the incoming
flow, revealing similar spectra at the two rotor heights, indicating that the incoming turbulent
flow is not at the origin of such discrepancy. A comparison of the dimensional frequencies
and the main wavelengths in the streamwise direction of the most relevant flow structures has
highlighted a strong dependence of the wake structures on the rotor size, which acts as a filter
for the smaller structures incoming into the turbine. DMD analysis of the precursor simulation
data in two different subdomains placed at the two rotor heights might be carried out in future
work to confirm the filtering behavior of the turbine rotor. This explanation could serve as a
valuable foundation for future research on the wake recovery of large turbines within wind farms.
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