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In this study we performed detailed comparisons of numerical computations of single tur-
bine wakes with measured data under neutral and stable atmospheric stability conditions. LES
of the ABL inflow and turbine wakes are carried out using the ExaWind/Nalu-Wind simulation
codes and compared with the equivalent measurements from the SWiFT research facility at
wind speeds of 8.7 m/s and 4.8 m/s. The computed ABL inflow profiles and spectra showed
good agreement with measured data in both stratification conditions, and the simulated turbine
power and rotor speed also agreed with the measured turbine performance. A comparison
of the downstream wake deficit profiles and turbulence distributions with lidar observations
also showed that the LES computations generally captured the wake evolution in both neutral
and stable conditions, with some possible discrepancies due to uncertainty around the turbine
thrust and yaw settings. Finally, an examination of the downstream turbulence spectra showed
that the peak frequency of the wake added turbulence corresponds to the characteristic wake
shedding frequency, and we show that the turbulent integral lengthscale in the wake region
also decreases significantly due to the presence of smaller turbulent features.

I. Introduction

HE recent growth of renewable energy and wind farm sizes and has placed a new emphasis on understanding the
Tinteractions between the atmospheric inflow and wind turbine wakes. While turbine designs often consider a range
of different atmospheric boundary layer (ABL) properties, such as wind profile, shear, and turbulence, the presence of
turbine wakes can drastically change the conditions for downstream wind turbines. Understanding the magnitude of
these changes is critical to maximizing the power extraction possible and minimizing the turbine loads experienced by
the wind farm as a whole.

Previous studies [[1H3]] have indicated that atmospheric stability has a strong impact on downstream wake behavior.
Lidar wake measurements of an onshore farm by Zhan et al [1] found that atmospheric stability noticeably affected the
far wake evolution and recovery, while not strongly impacting the near wake behavior. Similarly, Dérenkdmper et al [2]
found stronger stable ABL wake effects in offshore wind farms compared to neutral or convective conditions, which was
possible due to the decreased momentum flux in the presence of stable stratification.

A number of semi-empirical and computational methods are available to study the behavior of wakes under varying
atmospheric conditions. Semi-empirical models, such as the Jensen [4] or Frandsen [S]] models, provide a fast estimate
of the wake deficit and wake turbulence. However, the validity of semi-empirical models depends heavily on the
conditions used for calibration, and may not cover the full range of stratified conditions. On the other hand, high fidelity
numerical computations such as Large Eddy Simulations (LES) are able to capture all relevant atmospheric phenomena
without the need to calibrate wake behaviors. LES studies have been previously used for studying atmospheric stability
[6, 7], as well as turbine performance and wakes [8H10]. However, a comprehensive comparison of LES computed,
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Table 1 Measured neutral and stable atmospheric conditions at the SWiFT site.

Stability = Hub-height Wind Speed ~ Shear « TI
Neutral 8.69 m/s 0.14 0.108
Stable 4.75 m/s 0.50 0.034

stratified wakes with experimental data has not been fully investigated to date. In addition, a detailed examination of the
turbulence within the turbine wake region, including the characteristics of the wake-added turbulence, has not yet been
documented. Understanding the nature of the wake added turbulence in the presence of atmospheric stratification is a
critical element to developing models for loads in downstream turbine rows of wind farms.

In the current study, we focus on detailed comparisons of numerical computations of single turbine wakes with
measured data under neutral and stable atmospheric stability conditions. LES of the ABL inflow and turbine wakes
are performed using the ExaWind simulation codes and compared with the equivalent measurements from the SWiFT
research facility. The ABL inflow characteristics are compared between the simulated and measured cases, along with
selected turbine performance metrics. Using the available lidar measurements, the mean wake properties are compared
against the LES results. Finally, we examine the same wake turbulence characteristics, such as the wake spectra and
turbulent lengthscale from the simulated results.

I1. Methodology

A. SWiFT measurements

The Scaled Wind Farm Technology (SWiFT) facility [[11} [12], built by Sandia National Laboratories, has been used
to study wake interactions between turbines. It is a highly-instrumented wind turbine test site located at Texas Tech
University’s National Wind Institute Research Center in Lubbock, Texas, and is targeted at acquiring high-fidelity data
required for the validation of atmospheric and turbine simulations [13].

The SWiFT facility includes two instrumented meteorological towers with sonic anemometers at five heights (10 m,
18 m, 32 m, 45 m, and 59 m above the ground) and three research turbines instrumented with strain measurements, rotor
azimuth and yaw angle sensors, and nacelle accelerometers. The research turbines are modified Vestas V27 turbines
with a hub height of 32.1 m and a rotor diameter of 27 m.

In addition to the atmospheric and turbine measurements, the SWiFT facility also includes customized scanning
lidar measurements from the Technical University of Denmark (DTU) to measure the detailed location and strength of
the turbine wake at several distances downstream. The continuous-wave, DTU SpinnerLidar was nacelle mounted and
rear facing, acquiring 984 line-of-sight velocity measurements in a rosette pattern across a spherical surface during
each 2 second scan. Each scan had a fixed focus distance. The lidar scan configuration changed throughout the field
campaign to both capture wake evolution over multiple focus distances and wake dynamics concentrating at one focus
distance. The SpinnerLidar data was quality assured and quality controlled (QA/QC) according to [[14]. The reader is
referred to [L10, [15] for more details on the lidar setup, processing, and uncertainty.

From measurements gathered at the SWiFT facility in June and July 2017, two ABL conditions were selected for
simulations. To arrive at each condition, data from six different 10-minute averages with similar stability characteristics
was ensemble averaged. As shown in Table([T] the two averaged cases were a neutral ABL condition with 8.7 m/s wind
speed and a stable ABL condition at 4.8 m/s wind speed, matching the neutral and stable conditions discussed in [9]. As
expected, the stable ABL condition is associated with much stronger wind shear and lower turbulence values, which will
subsequently impact the wake evolution and wake turbulence when compared to the neutral ABL condition. However,
note that the stable condition selected here also contained much less veer than typical stably stratified conditions, which
allows for better comparisons of downstream wake profiles without the effect of wake skew. As will be discussed below,
the stable case also contained a moderate mean yaw offset.

In the current study, we will primarily focus on the wake behavior from the leading turbines, and not on the wake
interactions with downstream turbines. Details on the modeling approach for the leading turbine and its wake behavior
are discussed in the following sections.



Table 2 Simulated domain sizes and grid sizes used in the LES computations.

Stability Domain size Background A Refined A 20 temperature gradient
Neutral 4km X 4km x 1 km 10m 0.3125m 0.01m 0 K/hr
Stable 1.5 km x 0.75 km x 1 km Sm 0.3125m  0.0025m -1.0 K/hr

B. Simulation

1. Nalu-Wind precursor and turbine simulations

The simulations in the current work are performed using the ExaWind/Nalu-Wind LES flow solver coupled with
OpenFAS”Iﬁ] to model the aero-elastic behavior of the wind turbine. The Nalu-Wind solver [16, [17] is based on an
unstructured, finite volume approach to solve the incompressible Navier-Stokes equations with a low-Mach number
approximation. Both the Coriolis forcing and Boussinesq bouyancy model can be included to capture the effects of
wind veer and atmospheric stratification. In all simulations, the subgrid-scale kinetic energy one-equation turbulence
model was used for turbulence closure. At the lower boundary, the sub-filter scale stresses are applied following
the formulation of [18]. Nalu-Wind has been previously used to model the Cape Wind offshore ABL under various
atmospheric conditions [6 7], as well as for turbine wake studies in onshore wind farms [8H10], and more details on the
implementation of the flow solver can be found in the cited references.

The domain and mesh sizes used in the neutral and stable simulations are summarized in table 2l Both simulations
used a 1 km vertical domain, however, a larger 4 km X 4 km horizontal domain was used for the neutral ABL compared
to the 1.5 km X 0.75 km for the stable domain. This difference in domain size is due to the expected dependence
of the turbulent lengthscale on atmospheric stratification. In the neutral ABL case, the larger domain allows for the
longer turbulent structures to develop and evolve, while the smaller domain was adequate for the smaller-scale turbulent
structures in the stable ABL case. To resolve the smaller-scale turbulent eddies, though, the stable ABL case required
a finer resolution background mesh than the neutral, which lead to a slightly larger overall mesh size: 75.9 million
elements for the stable ABL case, and 64.8 million for the neutral ABL case. In both cases, the finest mesh region near
the turbine rotor used a grid size of 0.3125 m, based on the previous work of [8} [10].

The simulations for both the neutral and stable turbine wake cases were carried out in two stages. First, a set of
precursor simulations were performed without any turbine models present to develop the correct inflow and turbulence
characteristics in the ABL. In the second stage of the simulations, the turbine model was inserted into the domain and
the wakes were allowed to develop before collecting and averaging statistics.

During the precursor stage of the simulations, periodic boundary conditions were applied in both the x and y
directions. At the upper boundary, an inflow/outflow boundary condition based on a potential flow solution was applied
along with specified temperature gradient. Furthermore, an inversion layer was placed at z=650m (neutral ABL) and
z=450 m (stable ABL) to limit to the growth of the boundary layer. At the lower boundary, the ground was assumed to
be flat with a small degree of surface roughness, and the wall model of [[18] was applied. The precusor calculations
also used an ABL forcing scheme where a constructed pressure gradient was applied to ensure that the hub-height
wind speed matched the specified value from the SWIFT measurements. To arrive at the correct shear and turbulence
intensity characteristics matching the SWIFT measurements, two wall model parameters were varied at the ground: the
surface roughness zo and the applied temperature gradient at the ground. In the neutral ABL case, no heat flux was
applied, while in the stable ABL case, a negative heat flux corresponding to a temperature gradient of -1.0 Kelvin/hour
was applied (see table [2).

After the appropriate settings were determined, each case was run for a sufficiently long period of time for the inflow
turbulence to evolve, and for the correct ABL statistics to develop. The neutral ABL case was run for total of 25,000
seconds, and the stable ABL case for 30,000 seconds, after which a specific time window within the last 5,000 seconds
of the run was analyzed to use for the full turbine run. Time windows for the stable and neutral cases were taken to be
10 minutes and 20 minutes respectively, and were chosen based on a search algorithm that weighted results for mean
wind speed, mean shear exponent, and mean turbulence intensity. Turbulence intensity is defined as
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where U is the hub-height longitudinal wind speed at 2.5D upstream of the rotor, and oy is the standard deviation of U.
The mean of T1, as well as the other variables noted, is a single point time average over the entire time window.

2. Turbine model and simulation

Once the boundary conditions and appropriate simulation window were identified for the precursor, the full turbine
and wake simulations was run in Nalu-Wind. To represent the effect of the V27 wind turbines on the ABL, a modified
actuator line model was used during the turbine simulations. The actuator line model (ALM) is implemented by
following [19], where the fluid-structure interaction is simulated through a body force f; in the momentum equation of
the form

L
= [ F(g) di 2
f [ Fi(l)g(r) @)

where / is the distance along an actuator line and F; is the actuator line force computed from the incoming velocity flow
and the airfoil characteristics specified in OpenFAST. The smoothing kernel g(r) has the form

1 r2
g(r) = o P (—6—2) 3

where € is a characteristic length scale that determines the volume over which the body forces are spread.

The application of the Filtered Lifting Line Correction (FLLC) to the actuator line model is described in detail in
[20]. Like the traditional ALM model, it first computes the forces from the aerodynamic model of the blade. It then
calculates the gradient of the lift distribution along the blade. The induced velocity from the gradient of the lift is
found using both a specified epsilon and also for an optimum €. In this case we set the optimal value of epsilon to be
one-quarter of the chord length along the blade, which was shown in [21} [22]] to give the correct value for power. The
specified minimum epsilon was set to 0.625 m to match twice the grid spacing. A velocity correction term is set to
be the difference between these two induced velocities. The forces for the actuator line are then computed using the
induced velocities plus this correction term.

For both the neutral and stable ABL cases, the same turbine parameter settings and similar simulation settings were
used. The timestep in both cases was Ar=0.01 s, although the neutral ABL case was run to ensure that 20 minutes of
statistics could be gathered past the initialization phase, while the stable ABL run was run to collect only 10 minutes
of flow statistics. Also, to mimic the low-veer conditions under which the stable ABL wake data was collected, the
Coriolis forcing was removed from both the stable precursor and turbine runs, while it remained active for the neutral
simulations.

II1. Results

From the simulation results, an initial qualitative view of the simulated ABL inflow and turbine wakes can be seen
in figures|l{and 2| Figure|l|shows instantaneous contours of the ratio of horizontal velocities Uyurpine/Uprecursor
for both the neutral and stable ABL cases. In these images, the higher inflow turbulence and larger amplitude wake
meandering of the neutral ABL simulations is immediately visible when compared to the stable simulations. The longer
wake persistence and larger downstream wake deficit of the stable case is also evident. A more detailed view of the
turbine tip vortex structure is shown in figure 2] where isosurfaces of the g-criteria can also be used to highlight the
differences in wake behavior. In the neutral ABL simulations, we observe that the interaction of the inflow turbulence
with the turbine wake leads to a faster breakdown of the tip vortices within a few diameters downstream of the turbine
location. On the other hand, the lower ambient TI conditions for the stable ABL case interact with the wake to smaller
degree, allowing the tip vortices to remain well-organized much farther downstream.

In the following sections we provide a more detailed, quantitative discussion of the incoming ABL flow and
the turbine wake differences. First, in section [[ILA] the simulated inflow profiles and spectra are compared with
corresponding SWiFT measurements, followed by a comparison of specific turbine quantities in section [[IL.B] Finally,
an exploration of the differences in wake profiles and turbulence characteristics is presented in section|[[I.C]
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Fig. 1 Comparison of the instantaneous wake deficit U, pine/Uprecursor at t=200s for the neutral and stable
LES computations. Top down, hub-height view for (a) neutral and (b) stable ABL, and side view for (c) neutral

and (d) stable ABL.
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Fig. 2 Tip vortex visualizations of g-criteria highlighted by velocity magnitude for the (a) neutral ABL simu-

lation and (b) stable ABL simulation
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A. Inflow profiles and wind spectra

ABL profiles

In the Nalu-Wind simulations, a virtual met mast was included to capture the same wind speed measurements as the
sonic anemometers at the SWiFT facility. The virtual met mast probes were placed at the same locations relative to the
turbine and also spanned the same elevations (z=10 m to z=58 m) as the SWiFT measurements. As shown in figure
[l we found good agreement between the Nalu-Wind calculated and SWiFT measured incoming flow profiles for the
neutral and the stable ABL cases. Both the hub-height wind speed and the amount of wind shear across the rotor disk
heights were well captured by the LES calculations. Slight discrepancies can be seen in the comparisons at the lowest
met mast location (z=10 m), but the agreement between the Nalu-Wind calculations and SWiFT measurements is still
fairly close at the at highest available measurement height (z=58 m).
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Fig. 3 Comparison of inflow wind profiles for the (a) neutral and (b) stable ABL cases, as computed by
Nalu-Wind and measured by the SWiFT met mast. The shaded blue regions correspond to the minimum and
maximum Uj,,;, values during the averaged time period.

Inflow wind spectra

The inflow wind spectra can also be calculated and compared using the sampled met mast velocity data from the
Nalu-Wind virtual met mast and the SWiFT sonic anemometer measurements. In this work we define the single point
wind spectra S;(f) as a function of the frequency f in the following manner:

/0 Si(f)df = o7, )

with the indices i = u, v, w denoting the longitudinal, lateral, and vertical directions respectively, and o; is the wind
speed variance. Although the virtual met mast in Nalu-Wind was sampled at a frequency of 25 Hz, the actual maximum
resolvable frequency f;,,4x of the turbulence is limited by the mesh resolution in the simulation. This limit can be
estimated by the expression

0.6U
NA

where N is number of cells required to resolve a particular wavelength (assumed here to be N = 8), U is mean velocity,
and A is the mesh spacing in the flow direction. Here the turbulent eddies are assumed to convect at approximately 60%

fmax = )



of the mean velocity U, although the exact convection speed will vary depending on frequency. The results from the
Nalu-Wind simulations and SWiFT sonic anemometers can also be compared against the Kaimal model for wind spectra
(23] 24] _
£Si_ aif2/0) ©
e (14 b(fz/ Oy )P
which was developed and calibrated for neutral atmospheric conditions over flat terrain. For this study, the a;, b;, a;,
and 3; parameters in equation (6) are taken to be the standard constants given in Table[3]

Table 3 Parameters for Kaimal model

Direction i a; by o B
Longitudinal, #  105.0 33.0 1 5/3
Lateral, v 17.0 9.5 1 5/3

Vertical, w 2.1 53 5/3 1

Figure [d] shows the comparison between the Nalu-Wind calculated, SWiFT measured, and Kaimal modeled wind
spectra for both the neutral and stable ABL cases. In general, good agreement is seen between the LES computed
spectra and the SWiFT measured spectra up to the maximum resolvable frequency f,,,,.. For the stable ABL case, a
stronger decrease in spectra with height z is visible, although the computed peak amplitude and peak frequency still
agrees with the measured spectra. The neutral spectra shows a much weaker dependence of the spectra with height,
which is also consistent with the lower shear exponent in the mean profile.

The Kaimal model spectra at the turbine hub-height also agrees well with the calculated and measured spectra in the
neutral case, for all three directions. However, the stable spectra does not follow the Kaimal model predictions, as it
overpredicts the low frequency amplitudes. This is consistent with previous studies on ABL spectra [[7], and suggests
that recalibration is necessary for the Kaimal spectra under non-neutral conditions.

B. Wind turbine performance comparison

The coupling of OpenFAST with the Nalu-Wind solver allows the simulation to replicate the operation and behavior
of the Vestas V27 turbine within the flow. The outputs from the OpenFAST module, such as forces on the turbine
components or turbine performance metrics, can also be averaged and compared against the measured turbine quantities
from the SWiFT facility. In table @] below, the generator power and rotor speed of the V27 has been averaged from the
Nalu-Wind simulation and compared with the equivalent quantities from the SWiFT measurements. For both the neutral
and stable ABL cases, these quantities agreed well with the SWiFT measurements.

Some additional turbine settings used in the Nalu-Wind simulations did not have an available experimental
comparison, or were more difficult to match exactly. For instance, although the turbine thrust measurement is not
available for the selected ABL conditions, the blade forces from the OpenFAST output can also be used to calculate a
thrust coefficient Ct based on the rotor aerodynamic thrust forces. The averaged rotor aerodynamic Ct for the neutral and
stable ABL cases was 0.73 and 0.81, respectively, and is consistent with values previously reported in [9]]. Additionally,
a turbine yaw of 0.0 degrees was used in both of the Nalu-Wind simulations. However, the averaged turbine data from
the six measurement bins indicated that a mean turbine yaw of 1.0 degrees and 8.2 degrees for the neutral and stable
ABL cases, respectively. As discussed in section[[II.C] this discrepancy in the turbine thrust and yaw may impact the
wake profile comparisons between simulation and SWiFT data as well.

Table4 Comparison of the calculated turbine model outputs with the observed turbine behavior from SWiFT

Case Generator Power  Rotor speed
Nalu-Wind Neutral 79.8 kW 43.4 rpm
SWiFT Neutral 79.1 kW 42.8 rpm
Nalu-Wind Stable 142 kW 25.0 rpm
SWiFT Stable 13.3 kW 26.4 rpm




C. Comparisons of wake profiles and spectra

1. Wake velocity comparisons

Wake quantities of interest are compared here in the meandering frame of reference, which in some cases offers
insight into model validation, as opposed to the fixed frame of reference. See Hsieh et al. [10] for evidence and for the
procedure used for calculating the meandering frame. As introduced previously, it should be borne in mind that the
measured and simulated data compared below do not capture precisely the same quantities; the lidar measures along a
line of sight and includes a weighted contribution from the velocity field depending on the location of the focus distance
whereas the simulation provides conventional point measurements at the locations on the plane of interest.

Figure [5]indicates that the time-averaged cross-sectional wake velocities for the experiment and simulation show
good qualitative agreement in terms of wake diameter and peak wake deficit. On the other hand, several subtle differences
are apparent. For both the neutral and stable cases, the simulation produces higher velocity near the origin than the
experiment, which is a feature that has been observed previously in simulations using high-fidelity simulations [9, [10].
Further, the stable ABL simulation result in figure [5[d) shows the apparent the existence of perturbations in the wake
that make swirl apparent that are not replicated by the measurement in figure [5[c). Given that the spatial resolution of
both the lidar and LES should be sufficient to capture such swirl features, it is believed that the wake swirl signature in
the experiment may be smoothed out because of the relatively greater unsteadiness in inflow wind direction for the
experiment than the simulation, though the simulation’s ability to capture the turbulent wake mixing is not ruled out
as a culprit. Another unique feature of this stable ABL simulation case is the tower effect that is present near y/ D=0
and z/D=-0.6. The absence of a pronounced tower effect in the corresponding stable experimental data is possibly an
artifact of the lidar’s line-of-sight weighting and its sparse spatial resolution relative to the tower thickness. For the
neutral cases, the tower effect is not visible for either experiment or simulation as turbulent mixing apparently smooths
over the tower deficit by the 2.5D position. It is also possible that the tower wake and wake swirl discrepancies are
related to some degree, as the stronger tower wake in the simulation may be the cause of stronger observable swirl effect
in the simulated wake.

Figures 6] and [7) offer a view of the wake evolution by considering horizontal and vertical slices, respectively, at
different streamwise positions. In these figures, the boundary layer measured by the meteorological towers (both physical
and virtual) is removed from the data to produce the wake velocity deficit, Up = U — U, where Uy is the boundary
layer inflow profile calculated with a 45 s moving average. Both the horizontal and vertical slices indicate that the
jet-like flow behind the simulated nacelle described previously mixes out by the 4D position for the neutral case and by
the 4-5D position for the stable case. Ignoring the jet feature in the simulated data, it appears that the shape of the
wake “bucket” profiles agrees well between the 2D and 4D positions except for an offset towards higher velocity in the
case of the simulation, which could be related to suspected differences in the experimental and simulated turbine thrust
(especially for the neutral case where the offset is present even at the 2D position). At the 5D position, however, the
shape of the wake bucket becomes less steep in the experiment than in the simulation for the neutral case (both figures
[6l(a) and[7(a)), which is hypothesized to be related to the larger wake meandering amplitudes in the experiment. The
opposite trend is observed for the stable case at 5D (figures [[(b) and [/[b)), but the cause for this faster wake recovery in
the simulation versus the experiment in the stable ABL is unclear, though we note that the difference begins to appear as
the wake transitions from a near-wake to far-wake state.

2. Wake fluctuation comparisons

In addition to the comparisons of time-averaged results in the previous subsection, we here use an exploratory
approach to gauge the similarity of the fluctuating behavior in the simulation compared to that in the experiment.
Plotted in ﬁgureB]is the standard deviation of simulated wake velocity (in subfigures (b) and (d)) and the mean spectral
standard deviation of the distribution of velocities within the measured probe volume (in subfigures (a) and (c)). The
latter quantity is considered a valid approximation of the former since the wavelength of the wake-added turbulence is
generally of smaller scale than the full-width half-maximum probe length of 8.4 m at the x=2.5D position. However, the
approximate nature of the comparison should be borne in mind, specifically as related to any remaining scales that are
larger than the probe length and to the spatial averaging inherent in sampling over the probe length. Note also that
the exclusion of the sub-grid scale from the simulated results in figure[§]is not expected to be a main source of error
since the mesh refinement of the LES is relatively small at 0.625-1.125 m and 0.3125 m for the neutral and stable cases,
respectively, at this location.

For the neutral case, both the experiment and simulation show a nearly axisymmetric annulus of turbulence, which



begins just inside the projected rotor diameter. The radial extent of these rings is larger for the experiment, which may
be related to the larger meandering amplitudes in the experiment or to the averaging along the lidar line of sight. The
simulation additionally has a region of higher unsteadiness near the origin, which appears correlated with the shear
layer generated by the jet-like flow from the nacelle region referenced above. For the stable case, there is a distinct
difference between the experimental and simulated results as the experiment shows only a partial annulus rather than the
nearly full one in the simulation. While conclusions about this difference have not been finalized, it is suggested that the
presence of the partial annulus is due to the mean yaw offset present in the experiment but not in the simulation, and that
the wake swirl (clockwise from this orientation) has rotated the higher turbulence generated from the downstream half
of the rotor towards the top-dead-center position. See also the left-to-right asymmetry in turbulent kinetic energy at the
3D wake position as reported for the yawed cases in Bartl ef al. [26].

3. Wake spectra

While the comparisons with the lidar measurements in the previous section highlighted the spatial distribution of
turbulence inside the turbine wakes, we can also quantitatively assess the amount of turbulence which is created by the
wake itself. This can be achieved by comparing the undisturbed spectra from the precursor ABL calculations with the
wake spectra at the same positions from the turbine LES calculations.

The results are illustrated in figures [9]and [T0] where the spectra in the wake regions from both the precursor ABL
calculations and the turbine calculations are shown for the heights z=32.1 m, 45.6 m, and 70 m. The spectra was also
calculated at the three downstream locations x/D = 3, 5, and 7. For the three heights considered here, the wake added
turbulence is most evident at the hub height (z=32.1 m) and upper rotor tip heights (45.6 m). As expected, the spectra
outside the wake region, at the upper most height of z=70 m, is not impacted by the presence of the turbine, so the
turbine spectra collapse agrees with the precursor spectra at all downstream distances for both neutral and stable ABL
cases.

The majority of the turbulent energy increase in the turbine simulations occurs within the inertial range of the
spectrum. In the neutral ABL case, the spectra associated with the wake added turbulence quickly returns to inflow
precursor levels in the energy containing range of the spectra. For the stable ABL turbine run, the spectra in the energy
containing range remains elevated compared to the precursor inflow spectra in the energy containing range, but the
overall amplitudes are more comparable to the neutral spectra levels as predicted by the Kaimal spectra.

The frequency of the peak amplitudes for the wake added turbulence in both the neutral and stable ABL cases can
be estimated by considering the characteristic wake shedding frequency. This shedding frequency is calculated via the
Strouhal number St based on turbine rotor diameter D and hub-height inflow velocity Us:

_ /D
=

St @)
In the current work, the fundamental shedding frequency fj is calculated assuming a Strouhal number of St=0.19, which
is consistent with experimentally measured values for shedding behind bluff body objects [27,28]. As shown in figures
E] and the peak of the wake-added turbulence spectra, plotted non-dimensionally as fS;/UZ, generally peaks at
either fy or its first harmonic 2 fy. As expected, the spectral peak is more distinct for the stable ABL due to the absence
of wake meandering and lower levels of inflow turbulence. For both neutral and stable cases, the peak in wake added
turbulence is also more observable at the x=3D and 5D downstream distances, and as the wake profiles broaden, the
wake spectra also broadens at x=7D.

4. Turbulent correlation and integral lengthscale

In addition to the changes in the turbulent spectra seen in the turbine wake, we can also observe the changes in the
turbulent structure through the correlation tensor function and turbulent integral lengthscale. While difficult to measure
experimentally, these quantities can be computed from the LES sampled flow fields, and would allow us to determine
the size of the turbulent eddies both inside and outside the turbine wakes.

Here we define the two-point spatial correlation tensor function R;;(x, &) at a point X and a separation distance & as

() (x D (x + £.1))

Rij(x,&) = 3



Table 5 Turbulent integral lengthscale L calculated from equation .

ABL Stability Precursor Run  Turbine Run
Neutral 206.3 m 137.6 m
Stable 155 m 7.3 m

where the velocity fluctuations u; are defined in terms of total velocity #; and mean velocity u; components:

uj(x,1) = u;j(x, 1) — u;(x, 1) ©)

In the current work we are primarily investigating the longitudinal lengthscale with the first component R;;, so the
turbulent integral longitudinal lengthscale L can be calculated as

L:L Run(é) dé (10)

where the separation vector & is taken to be in the streamwise direction of the flow, and R;;(¢) is time-averaged over the
available flow field data. In practice, the upper limit on the integral in equation [I0]is taken to be the location where Ry
first vanishes, i.e., the location & where R;;(&y) = 0.

In the neutral and stable ABL simulations, the spatial correlation function Ry1(¢) was calculated on the hub-height
plane in the turbine wake region extending from the rotor location to about 14.8D and 5.5D downstream, respectively
and averaged over 20 minutes and 10 minutes, respectively. The calculation of R|; was also performed using the same
refined grid and simulation setup for the precursor and the turbine run to allow for better comparison. The behavior
of R;(¢) for both atmospheric stabilities and both the precursor and turbine wake runs is shown in figure The
calculated lengthscale L for all cases is also given in table[5] As expected, the turbulent lengthscale is an order of
magnitude larger for the neutral ABL than the stable ABL. This is consistent with previous ABL integral lengthscale
calculations shown by [7]. However, in the turbine calculations, the integral lengthscale in the rotor wake regions also
decreased by approximately 30%-50% compared to the precursor runs.

This decrease in turbulent lengthscale is consistent with the changes in wind spectra discussed in section [[IT.C.3]|
above. In the precursor inflow simulations, the turbulent lengthscale is largely determined by the large scale structures
and energy containing region of the spectra. However, inside the turbine wakes, the wake added turbulence is typically
at a higher frequencies and smaller scales than the inflow turbulence. In the presence of the wake added eddies, the
turbulence decorrelation is accelerated, leading to shorter turbulent lengthscales.

IV. Conclusions

In the current work, we compared the turbulent inflow and wake behavior of turbines operating under neutral and
stably stratified atmospheric conditions. Simulations of V27 turbines performed using the ExaWind/Nalu-Wind LES
code were compared with the met mast and lidar measurements from SWiFT, and a detailed examination of the wake
added turbulence was carried out.

Through these comparisons, we found that the inflow ABL profiles and spectra were well captured in the LES
computations for both the neutral and stable conditions. The simulated V27 turbines in the neutral and stable ABL flows
were also accurately represented, and their generated power and rotor speeds agreed well with the measured SWiFT
performance data. The comparisons of the downstream wake and turbulence profiles also showed that the simulated
wakes were able to qualitatively capture the general wake spreading and turbulent distribution patterns observed in the
lidar measurements. However, some possible discrepancies in the wake deficit and shear distribution may be due to the
uncertainty around the turbine yaw and thrust settings.

Finally, from the simulated LES wake results, we found that the peak frequency of the wake added turbulence
corresponded to the characteristic wake shedding frequency of St=0.19 and its first harmonic in both stratification
conditions. By computing the turbulent integral lengthscale of the flow in the wake region, we found that the smaller
turbulent features in the wake decreased the longitudinal lengthscale by approximately 30%-50% in both ABL conditions.
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Fig.4 Longitudinal S, (a, b), Lateral S, (c, d), and vertical S,, (e, f) inflow spectra for the neutral (a, c, ¢) and
stable (b, d, f) ABL cases. The gray shaded regions correspond to frequencies beyond the maximum resolvable
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Fig. 5 Comparison of scaled values of wake velocities at the x=2.5D position in the meandering frame of
reference. Plotted in (a) and (c) is the time-averaged spectral median of lidar line-of-sight velocity within the
probe volume, (U°*). Plotted in (b) and (d) is time-averaged axial velocity, (U). All cases are normalized
on the hub-height axial inflow velocity, Uy ;. The viewing orientation is from behind the turbine and looking
upstream.
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Fig. 6 Comparison of the streamwise evolution of the time-averaged wake velocity deficit in the meandering
frame of reference from the lidar, (U g’ ), and the simulation, (Up ), at the vertical wake center for (a) the neutral
case and (b) the stable case. Values are normalized on the hub-height axial inflow velocity, Uy . The shaded
regions indicate the 95% confidence of the standard error as calculated according to the formulas in Benedict
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Fig. 7 Comparison of the streamwise evolution of the time-averaged wake velocity deficit in the meandering
frame of reference from the lidar, (U g’s), and the simulation, (Up ), at the horizontal wake center for (a) the
neutral case and (b) the stable case. Values are normalized on the hub-height axial inflow velocity, Uy . The
shaded regions indicate the 95% confidence of the standard error as calculated according to the formulas in
Benedict and Gould [25] that are valid for turbulent quantities with any underlying probability distribution.
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Fig. 8 Comparison of scaled values of wake fluctuations at the x=2.5D position in the meandering frame of
reference. Plotted in (a) and (c) is the time-averaged spectral standard deviation of lidar line-of-sight velocity
within the probe volume, (6.5 ). Plotted in (b) and (d) is the conventional standard deviation of axial velocity,
oy . All cases are normalized on the maximum value within the respective plot windows. The viewing orientation
is from behind the turbine and looking upstream.
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Fig. 9 Computed wind spectra for neutral ABL case, from both the precusor run (solid lines) and the turbine

run (dashed lines): (a) longitudinal S,, (b) lateral S,,, and (c) vertical S,, wind spectra components. The gray
shaded regions correspond to frequencies beyond the maximum resolvable frequency f;, ;.-
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Fig. 10 Computed wind spectra for stable ABL, from both the precusor run (solid lines) and the turbine run
(dashed lines): (a) longitudinal S,,, (b) lateral S,,, and (c) vertical S,, wind spectra components. The gray shaded

regions correspond to frequencies beyond the maximum resolvable frequency f;, ;.-
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Fig. 11 Time-averaged, two-point turbulent correlation function R;;(¢) for the wake regions from the (a)
neutral and (b) stable ABL cases. The correlation function for the precusor calculation alone is shown in solid
lines, while the turbine calculation is shown in dashed lines.
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