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Abstract.

Ever-increasing turbine scales and their associated logistical challenges have reignited
questions about the performance of downwind rotor configurations. A particular potential
benefit of downwind rotor configurations is the farm-scale power increase that may be
conferred by tilt-driven downward wake entrainment and associated wake recovery. In this
work, a comprehensive aerodynamic analysis is carried out to understand the mechanisms
for wake entrainment and recovery across a spectrum of velocity and inflow alignment
conditions on a small, structured farm in order to understand the impact of downwind
rotors on farm production. The results show that the benefits demonstrated previously in
the literature for downwind-rotor farms in aligned flows are fragile, and, outside of strong
farm/flow alignment conditions, power production benefits for small farms with downwind
rotor configurations are significantly if not completely mitigated by misalignment effects.
The work indicates that farm-scale benefits for downwind rotors must be realized either
from large-scale entrainment benefits, with more exotic farm arrangements that can take
advantage of the aerodynamic effects, or from beneficial fatigue impacts from entrainment of
less turbulent outer boundary layer flows.

1 Introduction

The interaction between a wind turbine and the downstream farm flow is dominated by the turbine’s
wake: the variation of the flow downstream of the turbine with respect to the otherwise undisturbed
flow [1]. Early attention to farm flow was concentrated on the diversion of wakes away from downstream
turbines, which can be effectuated by deflecting the yaw of a turbine out of the freestream direction [2].
Recently, more attention has been paid to the tilt angle of the turbine, where the turbine hub is rotated
about the axis in the horizontal plane and perpendicular to the hub shaft. The majority of present-day
rotor designs have the rotor upstream of the tower to avoid tower shadow losses [3] and noise [4] that
occur when the rotor interacts with tower-perturbed flow; in this case, the tilt angle is typically set to
avoid tower strike when the blades deflect. The historical development of wind turbines has included
both upwind rotor (UWR) and downwind rotor (DWR) designs, although the UWR configuration has
consistently been the dominant configuration. However, recent work has reopened longstanding
questions about the contemporary preference for land-based wind turbines with upwind, rather than
downwind, rotor configurations for logistical, structural, and aerodynamic reasons [5].

The potential aerodynamic benefits of downwind rotor configurations are driven by the tilt angle: UWR
configurations displace the lower tip of the rotor into the upstream flow, which tends to induce upward
wake flow. On the other hand, DWR tilt angles do the opposite and induce downward wake flow. In
Figure 1, the geometries are compared, with a qualitative representation of their vertical wake
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Figure 1: Comparison of upwind rotor (left, with negative tilt) vs. downwind rotor (right, with positive
tilt) and their qualitative effects on the vertical wake motion. Freestream from left.

redistribution. Off-optimal tilt angles tend to decrease the power output of a turbine in isolation, but
on the farm scale the downward displacement of the wake with DWR configurations can entrain smooth
(i.e., less turbulent), momentum-rich flow from the outer boundary layer for ingestion by the next rows.
This effect has been robustly demonstrated in simulation for a single turbine [6] as well as for a
two-turbine dyad [7]. Those results informed studies using engineering wake models [8], which allowed
estimates of the impact of reversing a subset of turbines on the farm-scale aerodynamics.

Recently, these estimates have since been refined by high-fidelity farm-scale studies, which have
demonstrated with actuator-disk large-eddy simulation (LES) that the use of high-tilt DWR
configurations can result in significant farm-scale power gains at fixed, favorable farm alignment and
inflow velocity [9]. It has been postulated that these gains are analogous to naturally occurring
aerodynamic modes in canonical turbulent flows [10]; this suggests power improvements may be highly
sensitive to farm configuration and prevailing conditions.

In this work, high-fidelity estimates of land-based farm flow are generated across a spectrum of
conditions to understand the effect of transitioning from traditional UWR configurations to DWR
configurations on turbine- and farm-scale aerodynamics. The goal is to understand how farm-scale
aerodynamic effects can be anticipated to impact farm annual energy production (AEP) and suggest
paths toward more comprehensive understanding of the benefits or lack thereof of UWR-configured
farms.

2 Numerical experiment

To study the farm-scale aerodynamics, we simulate a neutral atmospheric boundary layer (ABL) over
land with a prescribed capping inversion at 700 m (applied using a 0.08°C/m capping gradient and
0.003°C/m upper temperature gradient). The neutral boundary layer is chosen in order to conform with
the existing literature and to give an intermediate result compared to the stable and unstable ABLs.
The simulation is located at 40°N latitude with sea level standard atmospheric properties (1.225 kg/m?
density, 1.0 x 107° kg/(m-s) viscosity, and a reference temperature of 290 K). The simulation is
carried out using the amr-wind wall-modeled LES solver [11], with the solver’s standard log-law wall
model and the Moeng subgrid-scale model [12]. The domain for the simulation consists of a 12 km
square domain with a 1200 m ceiling.

2.1 Precursor simulations

Precursor simulations are run to establish baseline ABL flow. Each simulation is run to target a
freestream hub-height velocity Uso hub, always aligned with the z-coordinate in the mesh frame of
reference. The forcing pressure gradient is controlled to achieve the intended Usg nyp as the simulation
is run from time t = 0 to ¢t = 25 x 10 s, such that the mean hub-height velocity converges satisfactorily
to the intended Uy hub by t = 22 x 10% s. Simulations are run with a time step At = 0.5 s and a
uniform grid of Nejem = 75M total elements (768 x 768 x 128 in the streamwise, spanwise, and vertical
directions, respectively). The wall-model boundary condition is applied at the floor at z = 0, and a slip
wall boundary is applied at the ceiling, with periodic boundaries in x and y. The solutions from these
precursor simulations are used as initial conditions and boundary conditions for the forthcoming farm
simulations.
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2.2  Farm simulations

Farms are simulated using an immersed actuator line method that uses coupling to the aeroservoelastic
framework OpenFAST [13]. The farm consists of a 4 X 4 square grid, centered in the domain and with
6D, otor Spacing, where Dy tor is the diameter of the rotor. Turbines are taken from the Big Adaptive
Rotor (BAR) project [14] and have a Dyotor of 206 m, hub height of 140 m, and a rating of 5 MW. The
design of the rotor within the BAR project aimed to relax stiffness requirements typically seen in
contemporary rotor design and represent blades which are poised to exploit the DWR configuration in
particular. Columuns of the farm are rotated with respect to the freestream velocity (and, therefore, the
z-coordinate in the mesh frame of reference) by an inflow angle ¢. In the farm simulation, the initial
farm condition at t = 22 x 103 s and the upstream boundary condition in  are set to the values from
the relevant precursor simulation; the downstream boundary in x is an outflow boundary, and the
domain remains periodic in y. Two courses of isotropic grid refinement are applied, centered on towers
and extending out from the center of the tower by Diyotor, giving Nejem = 90M total elements; the time
step for the farm simulation is run more finely than the precursor at At = 0.1 s, and precursor solutions
are interpolated into the fine temporal grid by amr-wind.

2.8 Ezperimental outputs

The results of the simulations in this work take a threefold approach to analyze the impact of DWR
configurations on the aerodynamic flows. First, OpenFAST output signals from the actuator-line
turbine models are used to analyze the generator power outputs in a given simulation case, allowing
analysis on a farm-scale basis as well as on a turbine-by-turbine basis.

Additionally, aerodynamic flows on the farm scale are studied by control-volume analyses to understand
the bulk flow of momentum into the relevant—i.e., extractable—rotor area. We are interested in the
flow into and out of the region from which turbines might extract momentum as power. We take the
extraction region to be the region under the plane defined by the upper extrema of the turbine rotors:

Qext = {X S Q | z S ztip}u (1)

where 2 is the computational domain and ztip = Ahub + %Dmtor. The result of integrating the
momentum equation on the Qe gives

d
(/ pU; dQ)/ (pusuj) -y AT+ .. ., (2)
dt Qoxt Oext

where the volume terms are withheld. The flux of momentum pu;u; represents, then, the instantaneous
momentum flow into and out of Q. through its boundaries. In this work we will consider only the
“bulk” momentum flux—that involving only the mean flow:

]:mom,ij = Pﬂzag (3)

This quantity is measured along the horizontal plane at z = 2y, with =; = 2, giving the flux of
momentum through the tip plane, thus quantifying the entrainment of momentum into the region from
which it can be extracted.

Lastly, the turbine-by-turbine flows are analyzed. To do so, virtual (nonintrusive) meteorological tower
(“met tower”) measurements are taken D,otor/2 upstream of the tower location to isolate the measured
quantities from the turbine induction and allow fair comparison between UWR and DWR
configurations. These towers allow time-resolved storage of the velocities along the vertical towers,
Umet (2, 1), from which mean velocity profiles, Gimet(2), are computed. Finally, in order to understand
how changes to velocity of ingested flow change the power that can be extracted from a fluid, we make
an estimate of the linear density of power on the rotor, Pj ;q(%), as defined by:

1 _
Péuid(z) = §pAi"otor(z) uf’net (Z) (4)

Using @met(#) here represents an approximation, assuming that @met(z) well approximates the mean
flow across the slice Al ,..(z) of the rotor plane. Assuming this approximation holds,
Pauia = [, Phya(2) dz, and P ;4(2) will represent the distribution of fluid power available for

conversion across the vertical profile of the rotor.
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Figure 2: Comparison between power production by UWR farm and DWR farms at varied tilt angles
for freestream-aligned farms. Power averaged over final 20 minutes of simulation. Percent comparison

benchmarked to —8° tilt UWR farm.

3 Results for freestream-aligned farm

3.1 Power production at the farm scale

First, the power production of a wind farm with the inflow angle aligned with the farm columns (i) = 0)
is considered. Simulations have been run with Us hub between 6 m/s and 10 m/s and for farms with a
UWR configuration at —8° of tilt and DWR, configurations at +12° and +20° of tilt. These tilt angles
are chosen to represent a conservative and aggressive choice that are, on the conservative side,
substantial enough to deflect the wakes, while on the aggressive side representing large but plausible tilt
angles.. The result of this study is shown in Figure 2, which shows that power improvements exist
across the velocity spectrum for the aligned DWR configuration farms. The percent improvement for
the +20° tilt DWR farms are in excess of 8% for all velocities below approximately 9 m/s; at 10 m/s, all
three farms are rapidly approaching saturation at the plant’s nameplate capacity of 80 MW, and the
improvement in the DWR farms falls off correspondingly.

3.2 Power production at the turbine scale

Next, the turbine-by-turbine power production is considered. We concentrate on the case that generates
the largest absolute improvement in power, with Us by, = 9 m/s and +20° of tilt. In Figure 3, the
turbine-by-turbine breakdown of the performance is shown. The first row of turbines suffers a small
power loss, around half a percent, due to misalignment with the inflow. On the second row, the losses
are reversed, and the second row of DWR turbines all generate between 2% and 7% increases in power
compared to the UWR benchmark case; the third and fourth rows exhibit significant increases in power.
We note that there exists significant column-to-column variation within each row, due to wind veer and
statistical averaging effects. Our computational runs were budgeted to have sampling time in excess of
the standard ten-minute averaging in the literature. Across the velocity spectrum, results have similar
qualititative behavior row-by-row, and consistent farm averages, allowing us to remain confident that
the farm-averaged effects can be used to draw valid conclusions about the UWR vs. DWR differences.

3.8  Aerodynamic flows at the farm scale

To understand the power improvement observed in the previous section, the farm-scale flows are now
visualized. In Figure 4, the bulk momentum flux defined in Equation 3 is shown. We compare the —8°
tilt UWR farm to the +20° DWR farm; the comparison highlights the significant increase in bulk
momentum flux through the tip plane in the DWR wake. This flux represents momentum being
entrained into the wake regions, a less-turbulent, momentum-rich flow from the outer boundary layer.
In addition to the downward entrainment in the DWR case, there is also increased flux out of the
harvestable domain (in red) in between the columns of the farm. Effectively, the DWR-configured rotor
creates a vortical structure in the wake of the aligned farm, which conforms to previous findings of
Cossu [9, 10]. In Section 4, we will return to this behavior and consider its stability in the case of farm
misalignment.
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Figure 3: Turbine-by-turbine power generation and change in power for +20° tilt DWR turbine. Power
averaged over final 20 minutes of simulation. White squares indicate zero change in power, red indicates
increased power for DWR turbine, and blue indicates decreased power for DWR turbine compared to
benchmark case. Comparison benchmarked to —8° tilt UWR farm. Farm inflow aligned with columns,
from left on page.

8.4 Aerodynamic flows at the turbine scale

Before considering the misaligned farm, the impact of entrainment at the turbine scale is analyzed using
the virtual met tower data. In Figure 5, the results can be found, again for the 9 m/s case. On the front
row, differences are negligible and due exclusively to differences in the induction. On the second row,
changes to the velocity profile are concentrated on the upper half of the rotor, where the velocity sees a
significant increase. On the lower half of the rotor, there can exist a velocity deficit, but the magnitude
of the deficit is less than the velocity augmentation on the upper half. The upwind rotors with +20° tilt
also have less spread in velocity on the top half of the rotor, indicating lower turbulence intensity and—
therefore— smoother flow.

A more meaningful measure of the impact to the power production is realized in the time-averaged
linear density of fluid power, Py ;q(2) as defined in Equation 4, on the rotor, displayed in Figure 6. This
metric shows that the entrainment of momentum into the wakes exposes a turbine in the wake of a
DWR to higher and more imbalanced fluid power compared to the traditional UWR configuration.

4 Results for freestream-misaligned farm

Having demonstrated power benefits of the DWR-configured farms across the distribution of
farm-aligned wind velocities, the impact of DWR-configured farms is now considered across a
distribution of wind directions to begin to understand the impact DWR configurations might have on
farm AEP. Here, we will concentrate on a fixed wind speed of 6 m/s, at which the highest percent
improvement occurs in the aligned case.

4.1  Power production

The finding of Figure 2 is now revisited to understand variations with respect to the angle of alignment.
In Figure 7, the percent change in power as a function of inflow angle! is shown for two DWR
configurations at 6 m/s as benchmarked against the 8°-tilt UWR turbine. Unlike in the aligned case,
power benefits are isolated to 0°, 45°, and approximately +25°. These angles are significant,
representing slope ratios of 0:1, 1:1, and approximately 2:1, which correspond directly to the angles at
which turbine pairs in the farm are aligned with respect to the freestream. Turbine-by-turbine
breakouts are omitted for the misaligned flow, but we note that the power deficits on waked rows are
higher percentages than the first row, suggesting adverse aerodynamic effects, not just geometric effects.

IThe study in this work includes the range of inflow angles from 0 to 45°, which would fully characterize a farm with
this geometry in the absence of veer. We also includes the range from —25° to 0° to evaluate the impact of veer-induced
asymmetry at 40°N latitude. For computational savings and in the absence of farm-scale benefits from DWR rotors, inflow
angles were not extended further to compete the characterization of the farm.
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Figure 4: Bulk momentum flux Fryom,i; for —8° tilt UWR farm (upper) and +20° tilt DWR farm (lower)
through tip plane at z = zp. Flow averaged over final 20 minutes of simulation. White regions indicate
zero flux through tip plane, red indicates bulk momentum flux out of harvestable region, and blue indicates
flux into harvestable region; colormaps matched between plots, values that exceed colorbar scale exist
only in immediate vicinity of blades. Farm inflow aligned with columns, from left on page.
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region, and blue indicates flux into harvestable region; colormaps matched between plots, values that
exceed colorbar scale exist only in immediate vicinity of blades. Farm inflow corresponds with z-axis on
plot from west on plot; inflow is offset from columns by 10° inflow angle.

4.2 Aerodynamic flows at the farm scale

In Figure 8, the bulk momentum flux Fiom,i; for the 10° inflow angle farm is shown, where entrainment
by the DWR-configured farm is evident, as it was in Figure 4. However, due to the offset angle,
turbines in downstream rows are not exposed to momentum-rich flow in the direct wake of turbines;
rather, they are exposed to the flow between farm columns, which is momentum-deficient because
surface-level fluid is displaced into the streets between rows.

Figure 8 also shows that the DWR-configured farm has a more active and structured wake downstream
of the farm, with significant regions of net convective flux of momentum into the harvestable region.
The limitations of this set of experiments also become apparent: the effects on this small farm may not
capture the mixing effect of the momentum flux that may accumulate on a large farm or in other ABL
conditions. It is possible that for a larger farm, the increased turbine wake intersections—in addition to
farm-scale mixing and momentum entrainment effects—may result in wake recovery performance and
AEP benefits for DWR, farms.

5 Conclusion

In this work, the performance of farms with downwind rotor turbines has been compared to the
traditional farm of upwind rotor turbines using actuator-line LES studies. Studies of the aligned farm
performed in this work confirm the benefits for freestream-aligned farms previously demonstrated in the
literature and contribute detailed descriptions of the increase in momentum and fluid power available
for the turbines in the farm that are subject to wake effects. Our findings show that the power benefits
due to entrainment that occur for small, aligned farms of downwind rotors are not present when there is
even small misalignment of the columns of the farm with respect to the freestream flow. These losses
exceed those expected due to geometric changes alone and indicate that the DWR, configuration causes
waked turbines to ingest momentum-deficient flow when the farm is misaligned.

As a whole, these results cast uncertainty on the utility of fully downwind-configured farms. Though we
stop short of a fully specified AEP calculation, our results demonstrate the collapse of benefits for all
but a very small region in the wind rose for this experiment, for which few realistic wind distributions
might give a net AEP benefit. A key outstanding question is whether the losses that we anticipate this
experiment’s small, structured farms persist as farm scale and complexity increase. One item for further
study is a larger farm, which can concentrate on the worst-case misalignment, to reveal if large-scale
effects recover power (and therefore AEP) benefits across a range of inflow conditions.

In addition to the studies shown here, which focus exclusively on power extraction, fatigue and lifetime
cost considerations should also be made. As shown in Figure 6, the downwind rotor configuration
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increases imbalance of loading about the hub. Moreover, in the process of the analysis—though the
results are not shown explicitly in the scope of this manuscript—the turbulence intensity across the
rotor are revealed to be less intense in the case of the downwind configuration; this occurs because the
entrained flow from the upper region of the boundary layer is more smooth than near-surface flows. In
future work, the aerodynamic and structural model data generated for this study can be used for a
more complete view of the downwind-configuration farm, including structural trade-offs with the
changes in power.
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