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All reviewer comments appear in regular text below, while authors’ responses appear in purple
text. Line numbers referenced in the authors’ responses refer to the revised document.

Response to Anonymous Referee #1

In the light of close neighbourhood of wind farms and small airport for general aviation in the
USA this manuscript examines the question if the wake behind a wind turbine can pose a hazard
to light aircraft. The study is based on large-eddy simulations (LES) of neutrally and stably
stratified turbulent boundary layers in which the wake flow behind an actuator-line
parameterised wind turbine is computed. As a measure of potentially hazardous wake encounters
of a light airplane its rolling moment coefficient is computed for many sets of flight tracks in
down-wake and cross-wake directions in the LES boundary layer. The aircraft (a/c) solely
consists of a wing which is modelled as a line segmented in eight stripes. Both, the wind turbine
and the light aircraft are chosen as typical representatives of their kind in the USA.

The paper is well written and good to understand for readers with background in either wind
energy or aviation and it should be of high interest for both groups. Since the study adds to the
ongoing and contradictory discussion if or if not light a/c are in danger in wind turbine wakes it
is of utmost importance that the methodology and assumptions are properly explained and
justified.

I recommend publication of the paper after the authors have addressed my comments and
questions.

1. My main concern addresses the simplification of the forces acting on the a/c, p. 7/8: The
authors do not account for the a/c motion response (p.7 line 29). However, the swirl in
the wake has lateral and vertical flow components. Hence, when the a/c has started to roll
not only w changes the angle of attack (eq. 1) but also the lateral (wingparallel) wind
component v, which acts on the wing, yielding a higher roll rate, bank angle and rolling
moment coefficient. So, is it justifiable to neglect that response? In the view of my
argument (if it is true) the C_roll values obtained and discussed might be an
underestimate of the total roll effect and therefore critical.

Thank you for your thoughtful point. Because the aircraft response would introduce a cascade of
events that change in time, we don’t see a way to include this cascade of events on the aircraft.
To acknowledge this uncertainty, we added justification for ignoring motion response in page 8
lines 10-14:

“We recognize that by not accounting for the aircraft motion response, these calculations may
omit cases when the changing wind components on the wing could result in higher rolling



moments. However, such an additional series of calculations would introduce uncertainty
because of the role of pilot response, and we argue that the wake roll hazards encountered (to be
explained in Section 3) would allow a pilot to quickly correct against wake turbulence-induced
roll instead of allowing roll to escalate.”

2. Classification of the rolling moment coefficient on p. 8, lines 22-23: The classification of
an a/c roll as a “low”, “medium”, or “high” hazard very strongly depends of the flight
altitude of the a/c above ground. The same C_roll value being classified as “medium” or
“low” when the a/c is flying high above ground might be classified as “high” when the
a/c is close to the ground as is the case here. So, | wonder for which flight altitude the
thresholds mentioned in the paper are valid. Are these the correct values for a/c flying at
wind turbine rotor height ? In the light of that question it is very valuable that the authors
present all the C_roll values and state on p.9 lines 2-3: . . .vast majority . . . are contained
within |C_roll| < 0.02. . .”. This result together with the ambiguity of the classification
should be discussed / interpreted in Chapter 4.

The classifications of the rolling moment coefficients are here chosen to be consistent with those
in the previous literature, specifically Mulinazzi et al. (2014), who also considered aircraft flying
near ground level. We have changed the text on page 7 lines 22-23 to emphasize that air density
is included in the rolling moment calculation, which accounts for altitude:

“where A is the planform area of the segment, and \rho is the standard near sea-level atmosphere
density of 1.225 kg m”-3 to reflect the altitude of interest for wake-transecting aircraft.”

3. Shear versus wake rotation on p. 9 line 18-19: Since the swirl of the wake (the wake
rotation) is strongest where also the shear is large (at the edge of the wake) it is hard to
decide if the rolling moment is mainly caused by uncoherent turbulence due to shear or
by the more coherent motion of the swirl. The data are available from the LES to do that
discrimination, although I would understand that this might be beyond the scope of the

paper.

Thank you for raising an interesting point. We agree with the reviewer that discriminating
between coherent and incoherent turbulence effects is beyond the scope of the paper. We have
hypothesized on page 10 lines 2-5 that the location of the highest hazards 3-7D downwind from
the turbine (and not closer to the turbine, e.g. 0.5-1D, where swirl would be strongest) suggests
greater influence from incoherent shear-induced turbulence:

“All of these peak hazards are located in the high-shear zone at the edge of the wake between 3
and 7D downwind from the turbine (and not closer to the turbine, e.g. 0.5-1D), which suggests
that the rolling moment is more influenced by horizontal shear in the flow than by wake
rotation.”

4. The fleet of a/c encountering the wake in down-wake (cross-wake) trajectories counts
10x10 (44x10), a/c, leaving space between a/c pairs, p. 8, lines 4-8: If my understanding



is correct, then not the entire domain is searched for C_roll and there is a chance that
maybe the most hazardous parts in the wake are not found because they are just between
two a/c. Wouldn’t it be better therefore to place (virtual) a/c at _each gridpoint of the
domain (with overlapping wings) to cover the entire wake ? (This would also increase the
already impressive sample size drastically.)

We agree that placing a virtual aircraft at each grid point would increase the sample size.
Unfortunately, we are limited by computation constraints, and adding calculations at all grid
points would roughly increase the computation time over 5 times. We carefully considered the
reviewer’s suggestion and reran our calculations for a small part of the domain (5D < X <5.5D, -
0.25D <Y < 0.25D, Z = 100m) where the highest rolling moments were found on the initial
study. Because we did not find any larger rolling moments even in those regions, we are
comfortable stating that overlapping wings are not necessary. As the reviewer noted, we already
have an “impressive” sample size.

Some other points which | came across:

5. P.5line 3: I guess the instantaneous horizontal wind field is plotted. Fig. 3 on p. 6: The
authors mention the numerical noise beyond 8 D downstream which appears as an
organised “wavy” structure of the horizontal wind. This structure can also be seen (with a
somewhat weaker signal though) at other, more relevant locations in the plotted
horizontal cross-sections (e.g. between at 3 and 7D of Fig. 3b and f, close to the lateral
boundaries at y=+/- 1.5D. Does this indicate some numerical instability due to the
changing grid resolution laterally ? And if so, does it have an impact on the results ?

The numerical noise visible in the far outer edges of the innermost domain is indeed due to the
decreasing grid resolution, and this is emphasized in page 5 lines 16-17:

“The noise visible in both cases past 8D is due to a combination of the coarser grid resolution
and high sampling resolution in that region of the domain.”

Further, the computations were performed on a computational grid of variable resolution in
which the grid lines were Cartesian oriented. However, the wind direction and turbine orientation
were not Cartesian aligned (i.e. the wind came from the southwest rather than the south, and the
turbine was pointed directly into this wind). The grid refinement box followed this wind
direction to capture the wake. We then sampled the CFD solution onto a uniform resolution mesh
aligned with the wind and rotated this sampling mesh to be Cartesian aligned for ease of post-
processing and presentation. Yes, a small amount of oscillation in the solution is numerical and
caused by the flow seeing a jump in resolution, but a larger component of it is an artifact of the
oversampling of the coarse computational mesh regions onto the uniformly fine, rotated
sampling mesh. Because, in the computation, these oscillations are much smaller than they
appear here, we do not believe they adversely affect the solution. The calculated roll hazards
within these regions are very similar to those adjacent, where numerical noise is not present.



6. P.7line : better: ”. . . across the aircraft’s wingspan.”

Thank you; the text has been amended in page 7 line 8.

7. p. 7 line 8: why “linear” velocity ?

The word “linear” was removed to avoid confusion in page 7 line 15.

8. p. 9 line 10: “top-left” correct here ?

Thank you for catching this typo, page 9 line 22 has been amended to say “bottom-left”.

9. p.12 lines 13-15: | cannot match the statement (positions) here with the dots in Fig. 4.
Please explain or reformulate.

Thank you, this statement on page 12 lines 18-21 has been updated to read:

“In neutral conditions, the largest of these low hazards are classified as “medium” hazards and
exist 6.5D downwind of the turbine in the bottom-left portion of the rotor disk. The highest
hazards in the stable case also remained within the medium threshold and are located in two
separate regions of the wake: approximately 4D downwind in the bottom-right quadrant of the
rotor and 6D downwind in the top-left quadrant of the rotor.”



Response to Anonymous Referee #2

This reviewer is familiar with classical aerodynamics and flight mechanics, but less educated in
the fluid mechanics and the industry development of wind turbines. Therefore I find the
introduction useful as written, since it well describes the relevance of the topic and it provides
the readers an overview of the wake computing methodologies and literature in the field.

Overall | am supportive of the publication of this material, but would like the authors to be more
explicit on certain findings. | therefore suggest that the manuscript be further revised, and would
recommend this manuscript be conditionally accepted at this time. | would like the authors to
provide some additional insight or share more of their experience in the following:

1. Do the authors have evidence that the helical tip vortices generated by the wind turbine
can be meaningfully captured at the source, as well as its downstream evolution, in the
computational methodology employed in the paper?

The authors understand the dependence of the actuator line-generated tip vortex on actuator line
input parameters. During the work toward this paper, the authors were also engaged in research
on this topic that was later published. The citations are given here and included in page 4 lines
21-23:

“The turbine model consists of an actuator-line representation of turbine blades (Sgrensen and
Shen, 2002), proven to adequately capture the generation and downstream evolution of helical
tip vortices (lvanell et al., 2010; Lignarolo et al., 2015; Toloui et al., 2015; Churchfield et al.,
2017; Martinez-Tossas et al., 2017).”

Matthew J. Churchfield, Scott J. Schreck, Luis A. Martinez, Charles Meneveau, and Philippe R.
Spalart. "An Advanced Actuator Line Method for Wind Energy Applications and Beyond", 35th
Wind Energy Symposium, AIAA SciTech Forum, (AIAA 2017-1998)
https://doi.org/10.2514/6.2017-1998

L. A. Martinez-Tossas, M. J. Churchfield, and C. Meneveau, “Optimal smoothing length scale
for actuator line models of wind turbine blades based on Gaussian body force distribution.”
Wind Energy, Vol. 20, Issue 6, pp. 1083—1096, June 2017.

2. Do the authors have evidence that these helical vortices either dissipate quickly (i.e.,
physically instead of numerically) or is not a flow feature that contributes to worst case
encounters?

Tip vortices generated by wind turbine blades are known to break down relatively quickly.
Compared to aircraft trailing vortices, which can persist for kilometers, wind turbine tip vortices
are subject to atmospheric turbulence, are arranged in a tight helical pattern, and are situated in
the shear layer of the wake, all of which lead to vortex structure instability and eventual
breakdown. Tip vortex spirals from wind turbines in atmospheric turbulence quickly begin to
“leap frog” in which one spiral mutually induces motion on the next spiral and they wrap around



each other. Complete breakdown quickly follows leapfrogging. The tip vortices are usually non-
apparent within 1-2 rotor diameters downstream under normal atmospheric turbulence levels.
Good references on this subject are below, and we have noted them in page 4 lines 21-23:

“The turbine model consists of an actuator-line representation of turbine blades (Sgrensen and
Shen, 2002), proven to adequately capture the generation and downstream evolution of helical
tip vortices (lvanell et al., 2010; Lignarolo et al., 2015; Toloui et al., 2015; Churchfield et al.,
2017; Martinez-Tossas et al., 2017).”

Toloui, Mostafa & Chamorro, Leonardo & Hong, Jiarong. (2015). Detection of tip-vortex
signatures behind a 2.5 MW wind turbine. Journal of Wind Engineering and Industrial
Aerodynamics. 143. 10.1016/j.jweia.2015.05.001.

Lignarolo, Lorenzo & Ragni, Daniele & Scarano, Fulvio & Ferreira, Carlos & van Bussel,
Gerard. (2015). Tip-vortex instability and turbulent mixing in wind-turbine wakes. Journal of
Fluid Mechanics. 781. 467-493. 10.1017/jfm.2015.470.

Ivanell, Stefan & Mikkelsen, Robert & Sgrensen, Jens & Henningson, Dan, Stability analysis of
the tip vortices of a wind turbine. Wind Energy, Vol. 13, Issue 8, pp. 705—715, Nov. 2010.

3. Other Specific comments: Because this reviewer is not very familiar with the wind
turbine industry, I do not know the significance of the phrase “utility-scale wind turbine”.
Is that supposed to represent the upper range in the spectrum of wind turbine power
extraction (therefore the upper limit of the wake generator)? If so, it would be helpful to
point that for the general readers.

The phrase “utility-scale wind turbine” typically means that the turbine exceeds 1000 kilowatts
in size and would be deployed in standard industrial wind farms (but not necessarily in the upper
range of power extraction). Text has been added to Page 4 line 24 to reflect this fact:

“We model the GE 1.5-MW SLE wind turbine (Mendoza et al., 2015), a utility-scale turbine
often deployed in standard industrial wind farms.”

4. Related comment: just because GE 1.5-MW SLE is a common model, it does not
necessarily bound the risk. This reviewer uses the word “risk” in the context of the FAA
Safety Management System (SMS), in that risk is a combination of likelihood and
severity of a hazard. If the turbine being simulated were a common model (at least stated
so in the manuscript), it is at least meaningful in a likelihood/frequency perspective.
However, it may not be as meaningful in a potential severity perspective. It would thus be
useful to provide the additional insight in terms of where this wind turbine resides in the
spectrum of characteristics like physical size, power extraction level, etc., in wind turbine
industry. As an example, in the area of aircraft wake turbulence, the most common
aircraft in commercial aviation is Airbus A320 (a single isle commercial transport). But
that airplane, although most common, does not represent the upper bound of the wake



turbulence severity. Airbus A380 for example, is seven times heavier than that of the
A320 and generates far more significant wake turbulence.

The authors agree that the GE 1.5-MW SLE represents the most ubiquitous amount of hazard,
not the maximum. However, large eddy simulations were only available for this turbine. In light
of the reviewers’ comments, we added on page 12 line 33 a suggestion for future work to
consider larger turbine types:

“Future simulations of wind plants that allow for wake interaction (as in Vanderwende et al.
(2016)) and larger turbine types could be useful.”

5. This reviewer supports the choice of the actuator-line approach, as it is claimed in the
manuscript that this representation of the wind turbine can capture tip vortices. It would
be useful for the authors to more explicitly illustrate that the computed flow field did
indeed capture the tip vortices (and the associated initial circulation is considered
reasonable).

When we run actuator line calculations, the lift and drag along the line are projected onto the
flow field as a volumetric body force using a Gaussian distribution along the line. This yields a
thin tube or cloud of body force along the line that is strongest at the line and then exponentially
decays with distance from the line. The tunable parameter in the actuator line is the width of this
Gaussian distribution. We always perform a tuning procedure in which we run three cases in
uniform inflow wind with different Gaussian widths. We then look at how predicted power
changes depending upon this Gaussian width. Given the known power, we can then find the
Gaussian width that will cause the simulation to predict the desired power. We do this for one
wind speed because we have done other tests in the past that show that the single correct or
optimal Gaussian width for one wind speed, then holds for the other wind speeds.

This Gaussian width also dictates the width of the core size of the tip vortex. The wider the
Gaussian, the wider and more diffuse the tip vortex; however in all cases, given a fixed lift, no
matter the Gaussian width, the circulation will be the same. So, no matter what, we begin with
the correct circulation, it is just a matter of do we predict a tight enough initial vortex. The
“tightness” of the vortex then dictates the downwash distribution along the blade, which affects
the predicted loads, and hence power. We therefore consider the optimal, tuned Gaussian width
to produce the correct vortex “tightness” because the power is right, meaning the loads along the
blade, and hence the downwash is correct. We have experimented with this extensively for both
rotating actuator lines and for actuator lines meant to represent fixed wings. Please see

L. A. Martinez-Tossas, M. J. Churchfield, and C. Meneveau, “Optimal smoothing length scale
for actuator line models of wind turbine blades based on Gaussian body force distribution.”

Wind Energy, Vol. 20, Issue 6, pp. 1083—1096, June 2017.

and any more recent work by Martinez-Tossas and Meneveau, with whom we work closely.



6. This reviewer supports the inclusion of the neutral atmospheric condition in the
simulation. It is likely to contribute to near worse conditions for turbine wake evolution.
However, the decay of tip vortices is also influenced by turbulence level, and it would be
useful to comment on the turbulence level both in the incoming flow as well
representative locations in the wake. EDR is often preferred (only because it is more
often used in aircraft wake turbulence), but TKE would be meaningful as well.

We are pleased the reviewer supports our examination of both neutral and stable atmospheric
conditions. Several studies have shown that wakes survive further downwind in stable conditions
(with lower ambient TKE or EDR) than in neutral or convective conditions. If the ambient or
inflow turbulence was higher, such as in convective simulations, the tip vortices would erode
faster. We have specifically added reference to TKE on page 4 lines 34-35 and page 5 lines 1-4:

“Previous observations note turbine wakes tend to diffuse more rapidly in convective conditions
because the high ambient turbulent kinetic energy (TKE) of the surrounding air induces
mechanical mixing to erode the wake (Baker and Walker, 1984; Magnusson and Smedman,
1994; Bhaganagar and Debnath, 2014; Mirocha et al., 2015). We thus hypothesize that stable
conditions, with low TKE and low turbulent eddy dissipation rate (EDR) (Bodini et al.
2018), present a worst-case scenario for general aviation aircraft due to longer-persisting wakes
permitted by the reduced ambient TKE and EDR. As such, we simulate a neutral case and a
stable case.”

7. This reviver is not familiar with SOWFA, nor OpenFOAM. It would be useful to
comment on the Reynolds number associated with a real life utility class wind turbine vs.
what is used in the simulation. It would be also insightful to comment on how the
incoming boundary layer flow is handled (or at least reference it if it is too lengthy). It
would be preferred if the results in 8D are less impacted by numerical noise. However, if
the CFD results are considered realistic enough, encounter scenarios in regions prior to
8D should help argue that conservative estimates have been made within the current
framework.

We agree that the numerical noise past 8D is not ideal, but the calculated roll hazards at those
points are very similar to those just before 8D.

The Reynolds number of the atmospheric boundary layer is O(10"8) — O(1079). The Reynolds
number on modern utility scale turbine blades is O(10"6) — O(1077). Direct numerical
simulations (DNS) are not possible at these high Reynolds numbers, so we perform large-eddy
simulations (LES) in which the larger, energy-containing turbulent scales are directly resolved,
and the effect of the smaller unresolved scales is modeled with a subgrid-scale turbulence model.

The incoming boundary layer is computed in a separate “precursor’” atmospheric large-eddy
simulation using standard practices among the atmospheric LES community. It should also be
pointed out that LES was born out of the atmospheric boundary layer community, so these
practices have been around and vetted since the 1970s. Basically, the domain is a large
atmospheric box extending from the ground up a kilometer or two and 3-5 kilometers



horizontally. The lateral boundaries are periodic. The equations carry a Boussinesq buoyancy
term and solve for temperature transport to account for density stratification, which affect
turbulence. Surface heating or cooling can be applied. Also, the surface is treated as a rough
wall, like the surface of the Earth. The simulation is run for many hours of physical time until a
fully developed atmospheric boundary layer is formed. We then sample inflow planes of velocity
and potential temperature and feed this into the wind turbine simulation, which uses all the same
numerics and physical models. This process is explained further in citation Churchfield et al.
(2012) in page 4 line 11.

8. Equation 5 appears to be dimensionally inconsistent.

We thank you for catching this issue and have corrected it. Page 8 lines 1-2 should have said “b
is the wingspan of the aircraft, which we set to be 10 m”, and we have edited it accordingly. The
calculations in the analysis were correct and remain unchanged, but now the misnomer of a
variable is fixed.

9. At least in terms of the aircraft wake vortex community, there is no universal acceptance
on a severity criteria (a web based, not most authoritative but easily accessible reference
would be the power point material from “van der Geest, WakeNet3 Europe, Feb 2012 —
“Wake Vortex Severity Criteria, the Search for a Single Metric”’). However, it is
commonly accepted that roll moment coefficient (a static severity matric) is a reasonable
predictor of the aircraft response. However, it is also argued that roll moment coefficient
is more relevant when it comes to Large aircraft (when the aircraft roll response is slow
in the presence of a wake) and most applicable to Heavy category aircraft. As the authors
have correctly pointed out, severity is better described in terms of aircraft response.
However, pilot reactions and perceptions are perhaps, at the end of the day, form the most
relevant hazard definition. And pilot perception involves a complicated and subjective set
of criteria that include the aircraft energy state, altitude and performance. This reviewer is
not expecting the present authors to resolve a topic that the wake vortex community has
not been able to resolve for 40 years in the US (and 20 years in Europe). Instead, it
should be recognized that roll moment coefficient has certain limitation.

We agree with the reviewer that pilot reactions are important, and so we have added a sentence
to the conclusion in page 13 lines 3-5 that “Future studies could integrate simulations like these
with flight simulators to understand the coupling of the atmospheric behavior to pilot response

for an integrated assessment of roll hazard, as in Wang et al. 2015.”

10. However, if roll moment coefficient were used in a relative sense against a recognized
safe baseline, even though the response is not characterized, it leads to a better argument.
It is for this reason that this review does not believe the roll moment coefficient based
boundaries developed by Mulizanni and Zheng (2014) are very meaningful. In addition,
roll moment coefficient has various levels of approximations in its formulation and the
computed value can differ by a factor of close to two for the same flow input. It is



believed that the formulation used by the authors is to represent the wing of a typical GA
aircraft as a rectangular lifting surface, and this treatment is conceptually consistent with
the formulation used in developing a set of baseline roll moment coefficient exposures in
wake turbulence (see Fig 5 of AIAA-2016-3434, and its reference 10). If the roll moment
coefficient exposure in wind turbine wakes are not anywhere close to the wake
turbulence baseline exposure, then an argument can be made that the exposure from
turbine wakes are acceptably safe, or just as safe or safer than the exposure due to the
ICAO wake turbulence separation, however aircraft respond to those levels of roll
moment coefficients.

We agree with the reviewer that the boundaries developed by Mulinazzi et al. (2014) are not
ideal, but we thought it best to be consistent with previous literature.

11. This review is very interested in the following feedback from the authors: It is not clear
that all of the features that potentially pose roll hazards are properly captured. | am
particularly interested in knowing if the authors have confidence in their computed field
in terms of the proper capturing, as well as the proper decay of helical tip vortices.

Please see our replies to comments 2 and, especially, 5. We feel that we definitely capture tip
vortices of the proper circulation and of reasonably correct core size. Although they do not
readily stand out in the velocity contour plots in Figures 3 and 4, if we were to plot contours of
vorticity or Q-criterion, which we routinely do, they would be very apparent. The third author,
M. Churchfield, who performed the computations especially appreciates your concern. His Ph.D.
research was in the computation of aircraft trailing vortices, with the motivation of the safety
hazards they pose to trailing aircraft. Wind turbines are quite a different situation. With aircraft
trailing vortices, the trailing aircraft often encounters them on a flight path aligned with the
vortex axis, or may cross them laterally. With wind turbines, only if the aircraft crossed the top
or the bottom of the wake, very near the turbine would the flight path be aligned with the vortex
axis, but here the encounter would be very brief, and the effect of the entire helix of vortices
would make the flow field very different than an aircraft trailing vortex. In fact, the additive
effect of the entire helix is that the wind speed above the wake is slightly faster than freestream,
and in the wake it is slower than freestream. The rolling motion is canceled by each successive
vortex. And it would be highly unlikely, given airspace constraints around wind farms, that an
airplane would ever pass so close to the rotor as to feel the tip vortices before they break down.
We feel that the much more important flow feature is the wake deficit itself and the turbulence
generated by the wake shear layer.

12. Mulinazzi and Zheng (2014) used the near field turbine tip vortex data from wind tunnel
measurements and assumed the scaling relationship that governs the decay of vortices to
be the same as that of the aircraft wake vortices. The decay of the vortices is driven by
the ambient turbulence in their formulation, which may not be as realistic since
conceptually the vortex decay should be most influenced by the turbulence field
surrounding the tip vortices (or in this case, turbulence level in the wake of the wind
turbine itself). The decay of the tip vortices in Mulinazzi and Zheng (2014) may therefore



represent a conservative scenario. The encounter scenario used in Mulinazzi and Zheng
(2014) is then for the small aircraft to hit those highly coherent swirling structures that
have sharp velocity gradients in the transverse direction relative to the wingspan of the
aircraft. This treatment is considered reasonable and conservative (not necessarily a bad
thing for commenting on safety), especially if tip vortices have been shown in the wind
turbine literature to persist longer than other velocity deficit or turbulent features.
However, once again, the computed tip vortex decay may be too conservative in
Mulinazzi and Zheng (2014), since the source of wake decay is taken to be the ambient
turbulence instead of the turbulence within the velocity deficit region of the turbine wake.
If the LES computation by the authors were shown to be capable of capturing the initial
generation of the blade tip vortices with the correct range of strength/circulation, and the
computational technique is capable of preserving vorticity without artificial numerical
dissipation/diffusion of the vortex, and the encounter scenario involves entering the
properly computed / surviving tip vortex, and the conclusion is still that roll moment
coefficient is considered low relative to a safe baseline, then it would completely satisfy
the current reviewer. This reviewer would like to have some assurance that the results are
truly due to all of the possibly relevant flow features being properly captured, and the
results are not biased by the computed flow field that cannot capture the critical features
that may be important for this specific problem. The tip vortex feature may not be as
important in traditional wind turbine wake applications such as siting optimization, but it
is considered potentially more important than other features in terms of roll upset. If the
numerical scheme and associated modeling of the turbine cannot meaningfully duplicate
the tip vortex flow field, then this review would suggest that the wording in the
conclusion be modified along the phrases used in Wang, White and Barakos (2017). The
aforementioned reference essentially pointed out the flow features their model and
LIDAR measurements can reveal, and estimated the risk is only based on those features
that their flow field data can resolve.

We agree with the reviewer that, for safety, being conservative is prudent, but we also think that
we have fulfilled the reviewer’s criterion that “If the LES computation by the authors were
shown to be capable of capturing the initial generation of the blade tip vortices with the correct
range of strength/circulation, and the computational technique is capable of preserving vorticity
without artificial numerical dissipation/diffusion of the vortex, and the encounter scenario
involves entering the properly computed / surviving tip vortex, and the conclusion is still that roll
moment coefficient is considered low relative to a safe baseline, then it would completely satisfy
the current reviewer.” We have emphasized the references that support the computational
capabilities of this model in our replies to comments 2 and 5.

13. This review once again, thank the authors for the effort to advance the knowledge in this
field.

We thank the reviewer for their careful and thoughtful reading of our manuscript.



Response to Anonymous Referee #3

This manuscript attempts addressing the issue about flight hazards for airplanes flying in the
wake of utility-scale wind turbines. The investigation is carried out through LES simulations and
the results are interesting, which might deserve to be disseminated. Please find below some
comments.

Comments:

1. P1, L1-4: The first part of the abstract should be more focused and detailed on the
motivation, procedure and results. This first four lines sound more appropriate for an
introduction; indeed, similar information is reported in Sect. 1.

We agree with the reviewer’s observation and have added page 1 lines 6-9 to include more
information on the procedure:

“Wind-generated lift forces and subsequent rolling moments are calculated for hypothetical
aircraft transecting the wake in various orientations. Stably and neutrally stratified cases are
explored, with the stable case presenting a possible worst-case scenario due to longer-persisting
wakes permitted by lower ambient turbulence.”

2. P1,L7:You could add that you deem stable and neutral conditions more critical than
convective conditions due to the faster wake recovery. Therefore, you did not performed
simulations under convective conditions.

Page 1 lines 7-9 has been amended to read:

“Stably and neutrally stratified cases are explored, with the stable case presenting a possible
worst-case scenario due to longer-persisting wakes permitted by lower ambient turbulence.”

3. P2, L9 : Why do you only consider roll and not, for instance, pitch moment? Maybe there
are safety standards in general aviation that I am not aware of. In that case, please provide
related references. I think that a non-symmetric velocity field induced by the wind turbine
wake can also affect pitch and yaw of the airplane, which might be a risky situation
leading to a premature wing stall. Please comment on this and, eventually, clarify.

The reviewer is correct that pitch and yaw moments could also be hazards for general aviation
aircraft encountering wind turbine wakes. We chose to focus time and computational resources
on conducting an in-depth analysis of the roll hazard in particular as a direct response to a prior
study that found that motion to be especially hazardous (Mulinazzi and Zheng, 2014). Page 2
lines 12-13 and 18-19 now emphasize that we chose to investigate the rolling moment because
Wang et al. (2015) cite the rolling moment to be the most concerning to general aviation pilots,
and Mulinazzi and Zheng (2014) used the rolling moment as their main hazard identifier:



“General aviation pilots are typically most concerned with the rolling moment (Wang et al.,
2015), and we thus focus our study on this hazard.... Previous work has argued that turbine
wakes present, in particular, a serious roll hazard to general aviation aircraft. Mulinazzi and
Zheng (2014) used a helical vortex model to represent a wind turbine wake from which aircraft
roll hazards were calculated.”

Additionally, we now emphasize that pitch and yaw hazards may be good avenues for future
work in page 12 lines 33-34: “Our conclusions are drawn from rolling moment calculations,
though additional calculations of yawing and pitching moments could also be beneficial.”

4. P2, L11-12: “The rolling moment is the aecrodynamic force applied”, a moment cannot be
a force. Maybe rephrase it saying that the roll moment is the result of the lift distribution
over the wing span.

Thank you — this is an important distinction and page 2 lines 13-15 have been edited to now read:
“The rolling moment is the tendency for an aerodynamic force applied at a distance from an
aircraft's center of mass to cause the aircraft to undergo angular acceleration about its roll axis,
considered a torque in this study”. A reference to a flight dynamics textbook explaining our use
and form of the rolling moment has also been included for interested readers (Etkin and Reid,
1996).

5. Eg. 5 is inconsistent. \beta should be the wing span, not the aspect ratio. | hope this being
only a typo and not jeopardizing your analysis. Please cross-check your data analysis as
well.

We thank you for catching this issue and have corrected it. Page 8 lines 1-2 should have said “b
is the wingspan of the aircraft, which we set to be 10 m”, and we have edited it accordingly. The
calculations in the analysis were correct and remain unchanged, but now the misnomer of a
variable is fixed.

6. P8, L5-7: “a 10-by-10 array of aircraft”, this description is not clear. I think It will be
better to talk about aircraft paths rather than aircraft arrays. Please try to rephrase it.

Page 8 lines 16-20 have been re-written for clarification to now read “The down-wake group,
100 aircraft flight paths separated by 15 grid points (~18.5 m) in y and z, is centered over the
wake. We march these aircraft downwind from the turbine through the x-extent of the domain.
The cross-wake group is comprised of 44 rows and 10 columns of aircraft flight paths separated
by 15 grid points (~18.5 m) in x and z initially positioned at y = -2D, the furthest west point of
the domain.”
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Abstract. Wind energy accounted for 5.6% of all electricity generation in the United States in 2016. Much of this development
has occurred in rural locations, where open spaces favorable for harnessing wind also serve general aviation airports. As such,
nearly 40% of all U.S. wind turbines exist within 10 km of a small airport. Wind turbines generate electricity by extracting
momentum from the atmosphere, creating downwind wakes characterized by wind-speed deficits and increased turbulence.
Recently, the concern that turbine wakes pose hazards for small aircraft has been used to limit wind farm development. Herein,
we assess roll hazards to small aircraft using large-eddy simulations of a utility-scale turbine wake. Wind-generated reling
moments-on-lift forces and subsequent rolling moments are calculated for hypothetical aircraft transecting the wake in stably
various orientations. Stably and neutrally stratified eonditions-are-catenlatedcases are explored, with the stable case presenting a

ossible worst-case scenario due to longer-persisting wakes permitted by lower ambient turbulence. In both cases, only 0.001%
of rolling moments experienced by hypothetical aircraft during down-wake and cross-wake transects lead to an increased risk

of rolling.

Copyright statement. TEXT

1 Introduction

Due to its appeal as a renewable, low-carbon energy source, wind energy development has increased rapidly, accounting
for 5.6% of electricity generation in the United States at the end of 2016 (EIA, 2017). Wind turbines generate electricity
by extracting momentum from the atmosphere, thereby creating wakes characterized by a wind-speed deficit and increased
turbulence downwind (Lissaman, 1979; Sforza et al., 1981; Baker and Walker, 1984). As the size of turbine rotors increases,
turbine wakes also increase, which may pose a greater hazard to nearby flying aircraft (Wang et al., 2015). Therefore, improved
understanding of turbine wake characteristics is crucial to assess hazards to aircraft posed by wakes.

Numerous studies have investigated the structure, duration, and decay of wind turbine wakes. Most of these studies address
wake impacts on surface temperature (Zhou et al., 2012; Rajewski et al., 2013; Smith et al., 2013) or surface fluxes (Rajewski
et al., 2014, 2016). Detailed measurements of winds in turbine wakes have been taken with lidars (e.g., Késler et al. (2010);
Iungo et al. (2012); Rhodes and Lundquist (2013); Aitken et al. (2014a)). Wind tunnel experiments have also been used to

further aerodynamic research on wind turbines (Vermeer et al., 2003; Snel et al., 2007; Chamorro and Porté-Agel, 2009;
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Yang et al., 2012; Hancock and Zhang, 2015). Scaling such experiments to utility-scale turbines can be challenging: wind
tunnel measurements typically cannot account for complexities in atmospheric profiles, such as inversions and wind veer.
Computational fluid dynamics (CFD) simulations of wind turbine wakes provide insights into turbine wakes (Sanderse et al.,
2011). Both actuator-disk (Vermeer et al., 2003; Calaf et al., 2010; Mirocha et al., 2014; Vanderwende et al., 2016) and actuator-
line (Sgrensen and Shen, 2002; Troldborg et al., 2010; Churchfield et al., 2012; Marjanovic et al., 2017) methods have been
used to simulate the rotor and downstream flow to study wake structure.

Extensive wind development occurs in rural locations, where open spaces favorable for wind energy are also home to
numerous general aviation airports. Almost 40% of all wind turbines in the United States exist within 10 km of a small airport,
and about 5% exist within 5 km of a small airport (Figure 1, based on data from OurAirports (2016); USGS (2014)). Currently,
neither the Federal Aviation Administration (FAA) of the United States nor the Civil Aviation Authority (CAA) of the United
Kingdom have detailed recommendations on the effects of wind-turbine-induced roll hazards for aircraft (CAA, 2012; Ho

et al., 2014).

s-is-General aviation pilots are typically most concerned with
the rolling moment (Wang et al., 2015), and we thus focus our study on this hazard. The rolling moment is the tendency for an

aerodynamic force applied at a distance from an aircraft’s center of mass that-eatses-to cause the aircraft to undergo angular
acceleration about its roll axis, considered a torque in this study (Etkin and Reid, 1996). The roll axis is the longitudinal axis,
running from the nose to the tail of the aircraft. Other wake hazards of concern to pilots are those generated from the wings of
preceding aircraft during take-off as a consequence of lift (Holzépfel et al., 2007; Gerz et al., 2009).

Previous work has argued that turbine wakes present, in particular, a serious roll hazard to general aviation aircraft. Mulinazzi
and Zheng (2014) used a helical vortex model to represent a wind turbine wake from which aircraft roll hazards were calculated.
The helical vortex model was scaled up from a wind tunnel study using miniature turbines with a rotor diameter of 0.254 m.
The 4 m s~ ! inflow was meant to trigger transient helical tip vortices (Yang et al., 2012). Mulinazzi and Zheng (2014) scaled
up these wind tunnel results to the atmosphere by assuming comparable near- and far-wake turbulent flow structures between
the tip vortices measured in the wind tunnel and the full wake produced in a real atmosphere by a utility-scale turbine. With
calculations derived from this scaling, they suggest wind turbine wakes pose a significant roll hazard to general aviation aircraft
at downwind distances as far as 4.57 km (2.84 miles) (Mulinazzi and Zheng, 2014). These findings have been used in multiple
states to limit wind energy development. Reid Bell, airport manager at Pratt County Airport in Kansas, confirmed that the
Pratt wind farm project was relocated further away from the airport as a direct result of the Mulinazzi and Zheng (2014) study
(Williams, 2014). The study has been used as a warning to aviators in Virginia as well (Hamilton, 2014).

Other researchers have also investigated the hazards that wind turbines pose to aircraft by computing the roll hazards from

analytic representations of wakes. van der Wall et al. (2016) and van der Wall and Lehmann (2017) found that typical on-shore

turbines could pose hazards for gliders or ultra-light helicopters but perhaps not for general aviation aircraft. Wang et al. (2015,
2017) computed a wake wind field derived using the Beddoes circulation formula (Madsen and Rasmussen, 2004), proven to

adequately match lidar field observations made of a wind turbine wake. For a 30-m rotor diameter wind turbine, Wang et al.

(2015, 2017) find that the wake does not pose any roll hazards for aircraft 5 rotor diameters downstream from the turbine.
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Figure 1. Map of wind turbines (dots) and small airports (x) in the continental United States. Turbines dots are colored increasingly red as

their proximity to a small airport increases. The number of turbines in each distance range is shown in parentheses.

Rather than approximating wakes, we seek to explicitly resolve turbine wakes within a dynamic, non-stationary atmosphere.
We therefore use large-eddy simulations (LES) to assess wind-generated roll hazards to small aircraft from the wake of a
utility-scale wind turbine. Section 2 provides details on our simulations and methodology for analyzing the model data. Section
3 presents the results of our analysis, specifically the quantified roll hazards on hypothetical aircraft. We conclude in Section 4

with a discussion of our results and suggestions for future work.

2 Methods
2.1 Simulations

LES is a well-established method for studying wind turbine wakes. LES have been used to investigate wind turbine wake
turbulence (Churchfield et al., 2012; Jha et al., 2015), the wind-farm boundary layer (Calaf et al., 2010), and the evolution
of the wake structure in variable stability conditions and throughout the diurnal cycle (Lu and Porté-Agel, 2011; Mirocha
et al., 2014; Aitken et al., 2014b; Bhaganagar and Debnath, 2014; Mirocha et al., 2015; Abkar et al., 2016; Englberger and
Dornbrack, 2018). Jimenez et al. (2007) find good agreement between LES and experimental data of turbine wakes, which has

led to the use of LES to correct for instrumentation error (e.g., Lundquist et al. (2015)).
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Representing turbines in LES can be done via actuator disks, where the turbine rotor is represented by a permeable circular
disk with uniformly distributed thrust forces (Vermeer et al., 2003; Calaf et al., 2010; Mirocha et al., 2014; Aitken et al., 2014bj;
Vanderwende et al., 2016), or by actuator lines, which represent the turbine blades as separate rotating lines (Sgrensen and
Shen, 2002; Porté-Agel et al., 2011; Nilsson et al., 2015). Martinez-Tossas et al. (2015) compare actuator-line and actuator-
disk models and conclude that they produce similar wake profiles; however, the actuator-line model can generate fine flow
structures near the blades such as root and tip vortices that the actuator-disk model cannot.

We perform our simulations using the Simulator fOr Wind Farm Applications (SOWFA; Fleming et al. (2013); Churchfield
and Lee (2014)). SOWFA is a computational fluid dynamics solver coupled with a turbine dynamics model. The LES solver is
based on the Open Field Operations and Manipulation (OpenFOAM) toolbox version 2.4.x (OpenCFD, 2016). OpenFOAM is
a set of C++ libraries and applications for use in solving the partial differential equations describing fluid flow. The simulations
utilize the same two-step methodology as described in Churchfield et al. (2012), briefly summarized here. First, a precursor
LES generates turbulent atmospheric flow on a domain with idealized periodic lateral boundaries. Once the turbulent boundary
layer reaches quasi-equilibrium, a plane of turbulent data from the upwind lateral boundary is saved at each time step to be used
as inflow boundary conditions for the simulation with the turbine. Next, a turbine is introduced into the flow initialized from
the quasi-equilibrium precursor flow field. The side boundaries remain periodic, but the saved velocity and temperature data
from the precursor are used as inflow Dirichlet boundary conditions for this simulation. The outflow boundary uses Neumann,
zero-normal-gradient conditions. Like the precursor, the overall domain size is 3 km x 3 km in the horizontal and 1 km in
height, but variable resolution is used. Most of the domain has 10-m resolution, like the precursor, but around the turbine and
its wake, the resolution is gradually refined to 1.25 m (Figure 2). The time step in the wind turbine simulation is restricted to
capture the motion of the blade tips.

The turbine model consists of an actuator-line representation of turbine blades (Sgrensen and Shen, 2002), proven to

adequately capture the generation and downstream evolution of helical tip vortices (Ivanell et al., 2010; Lignarolo et al., 2015; Toloui et al.,

. We model the GE 1.5-MW SLE wind turbine (Mendoza et al., 2015), a utility-scale turbine often deployed in standard
industrial wind farms. This horizontal-axis, upwind turbine has a three-bladed rotor 77 m in diameter, with a hub height of 80
m. As While not the largest turbine type currently available, the GE 1.5-MW SLE is one of the most widely deployed turbines
wortdwideturbine worldwide, making the wake effects on general aviation aircraft explored herein witt-be-broadly applicable
to numerous wind farms.

A subvolume of the flow surrounding the turbine and wake was sampled at 1 Hz. This sampled subvolume uses a Cartesian
coordinate system, within which positive x (y) corresponds to downwind (cross-wind), and positive z corresponds to height
above the surface. In all cases, the sampled subvolume extends 11 rotor diameters (D) in the x- (downwind) direction, 4D in the
y- (cross-wind) direction, and 3D in the vertical direction. The computational grid resolution is approximately 1.25 m, uniform
in all directions (Figure 2). This high resolution is necessary to adequately resolve flow structures that impact small (10-m)
general aviation aircraft.

Previous observations note turbine wakes tend to diffuse more rapidly in convective conditions because of- mechanicalmixing
by-the high ambient turbulent kinetic energy (TKE) of the surrounding air ereding-induces mechanical mixing to erode the



10

15

3.0 T T T T T

2.5¢
AX, Ay, Az =
2.0l 10 m
—— 5m
£.4 — 25m
X — 125m
1.0} v
0.5}
0. L L L L L
%.0 0.5 1.0 1.5 2.0 2.5 3.0
Y (km)

Figure 2. Schematic of the SOWFA mesh, with model resolutions labeled at their respective locations in the domain. Turbine location is

denoted by the plus sign.

wake (Baker and Walker, 1984; Magnusson and Smedman, 1994; Bhaganagar and Debnath, 2014; Mirocha et al., 2015). We
thus hypothesize that stable conditions, with low TKE and low turbulent eddy dissipation rate (EDR) (Bodini et al., 2018),
present a worst-case scenario for general aviation aircraft due to longer-persisting wakes permitted by the reduced ambient
atmespherie-turbulenee TKE and EDR. As such, we simulate a neutral case and a stable case. Each simulation is spun up for
30,000 s, after which 100 s of data are output. The neutral case has a hub height inflow wind speed of 7.4 m s~! and a constant
potential temperature profile of 300 K, while the stable case has a hub height inflow wind speed of 9.4 m s~ and potential
temperature lapse rate of —0.024 K m~*! over the vertical extent of the domain. These wind speeds were selected because of
their location on the power curve: above the cut-in wind speed (3 m s~1) and below the rated wind speed (12 m s~1), a range
conducive for generating wakes and typical for general aviation flight conditions.

Horizontal slices of the horizontal wind speed (Figure 3) show the wake characteristics at the near surface and bottom,
center, and top of the rotor disk for both cases. The wake in the neutral case is approximately symmetric throughout the rotor
disk (Figure 3b-d), with the two-lobed profile becoming approximately Gaussian around 3D (Figure 3c). In the stable case, the
wake exhibits a more asymmetric structure and veers with altitude (Figure 3f-h) due to ambient background veer, as in other
stable simulations of wakes (Lundquist et al., 2015). The horizontal extent and width of the wake also differ with stability.
The stable conditions enable the wake to maintain a narrower structure and longer downwind presence, as opposed to the
neutral conditions that form a comparatively more diffuse and shorter wake. The noise visible in both cases past 8D is due to a

combination of the coarser grid resolution and high sampling resolution in that region of the domain.
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2.2 Data Analysis

We use the simulation data to quantify potential roll hazards on hypothetical general aviation aircraft transecting the turbulent
wake. The Cessna 172, a common general aviation aircraft, has a wingspan of 10 m, a planform area of 16 m?, and an aspect
ratio of 7 (Cessna Aircraft Company, 2004). We represent the aircraft in the LES data as a 10-m line. The 1.25-m resolution
of the data allows the line to be divided into eight segments, four points diverging from center to represent the two wings. We
then use the LES wind vectors observed at each point on the aircraft to make calculations of the roll hazard metrics: rolling
moment and rolling moment coefficient.

The rolling moment is computed from the lift distribution across the aircraft’s wingspan. At each of the eight points on the
aircraft, we sample the oncoming wind velocity vector nonparallel to the wing line. We assume a typical landing flight speed
of a general aviation aircraft of 35 m s~1: the sampled wind vectors are relative to the movement of the aircraft. Thus, the total
velocity vector, or true airspeed, is calculated at each segment: the nonparallel component of the wind vector impinging on the
wing, added to the flight velocity. The elevation angle of each motion-relative total velocity vector forms an angle of attack «

along the wing
a=tan~! % @)

where w is the instantaneous component of linear-velocity in z, and V is the true instantaneous airspeed. From each angle of

attack, a coefficient of lift C; is derived — eight in total along the aircraft
C 2271'04—&-6'170:01,174-0[/ )

where C ¢ is the lift coefficient at zero angle of attack, C 4 is the base coefficient of lift, C’l’ is the lift perturbation, and 27« is
the chosen Cj—a curve provided by thin airfoil theory, an accurate idealization for most airfoils at small angles of attack.

The dimensional lift perturbation L} of each segment of the aircraft is then derived from the coefficient of lift
L;=0.5C]p|V|*A 3)

where A is the planform area of the segment, and p is the standard near sea-level atmosphere density of 1.225 kg m ™3 to reflect

the altitude of interest for wake-transecting aircraft.

To calculate the rolling moment M,.,;;, we sum the eight lift values across the length of the wing
N
Myou = Liri )
i=1

where NV is the total number of points along the aircraft, and r; is the distance from the center of the aircraft, which is positive
(negative) to the left (right) of center from the perspective of the aircraft.
Finally, the rolling moment coefficient C,.,;; is calculated by normalizing the rolling moment by the size and-shape-of-the

2M, o 2M,yop

Crotl = ——
N VIS5 p|V2Sh

®)



10

15

20

25

30

where | V| is the true airspeed averaged across the eight segments, S is the total planform area of the aircraft, and 5-is-the
aspeetratio-b is the wing span of the aircraft, which we ehoose-to-be-7-set to be 10 m to align with the general aviation Cessna
172 detailed earlier (Etkin and Reid, 1996).

The representation of an aircraft as a straight line within the LES data requires several assumptions. For simplicity, we
assume a rectangular wing with some base lift equal to the aircraft weight, a result of defining a finite C; ( and some constant
aircraft angle of attack. We then only consider a lift perturbation C; from this base lift, as the remaining lift distribution is equal
on both sides of the wing, contributing no rolling moment. We also note that our calculations assume that the aircraft and the
flow field do not interact beyond the first-order effects on the aircraft and thus do not account for any aircraft motion response

due to varying forces. A true depiction of aircraft motion would require a 6-degree-of-freedom aircraft model and solver, more

complicated than this study warrants. We recognize that by not accounting for the aircraft motion response, these calculations
may omit cases when the changing wind components on the wing could result in higher rolling moments. However, such an
additional series of calculations would introduce uncertainty because of the role of pilot response, and we argue that the wake
roll hazards encountered (to be explained in Section 3) would allow a pilot to quickly correct against wake turbulence-induced

roll instead of allowing roll to escalate.
We define 540 total flight tracks through the LES data to sample the wind vectors and make the above calculations. These

flights are conducted with two different orientations: down-wake transects and cross-wake transects. The down-wake group, a

10-by—10-array-of-aireraft-100 aircraft flight paths separated by 15 grid points (~18.5 m) in y and z, is centered over the wakete

define-the-initial-position-of-each-flight-path. We march this-array-of-these aircraft downwind from the turbine through the
x-extent of the domain. The cross-wake group is comprised of a-44-by—+0-array-of-atreratt-44 rows and 10 columns of aircraft

flight paths separated by 15 grid points (~18.5 m) in x and z initially positioned at y = —2D, the furthest west point of the
domain. We march this-array-of-these aircraft through the y-extent of the domain, perpendicular to the wake. The cross-wake
aircraft descend at a 3° angle to emulate a typical landing pattern. At each advancing increment in the transect (682 points
down-wake, 247 points cross-wake), the rolling moment (Eq. 4) and rolling moment coefficient (Eq. 5) are calculated for all
540 aircraft, yielding 176,880 instances for each roll hazard calculation. We define one additional down-wake flight track far
outside of the wake (y = —1.9D, z = 100 m) to serve as a constant, wake-free flight path for comparison. The aircraft do not
interact with each other nor modify the flow field as they transect the wake. All calculations are made during a single one-
second time step where the aircraft fly across a frozen domain. This process is then repeated for each of the 100 time steps

available, yielding 17,688,000 total hazard calculations.

3 Results

We first analyze the turbine wake impacts on a hypothetical general aviation aircraft by comparing roll hazard calculations
of a sample flight track outside of the wake to those within the wake. Rolling moment coefficient (Eq. 5) is calculated for an
aircraft inside and outside the wake for the neutral (Figure 4b) and stable (Figure 4d) cases to categorize each moment as a

99 ¢

“low”, “medium”, or “high” hazard as used in the Mulinazzi and Zheng (2014) and Wang et al. (2015) assessments of wake roll
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Table 1. Summary of roll hazards

Stability Transect Notal Nuigh  NMedium  Percent Medium
Down-wake 6,820,000 0 74 0.001%
Neutral
Cross-wake 10,868,000 0 72 0.0007%
Down-wake 6,820,000 0 76 0.001%
Stable
Cross-wake 10,868,000 0 188 0.002%

hazards. These assessment criteria are based on the maximum rolling moment that the aileron on a typical aircraft can generate
to counteract a moment induced by the wake field (Wang et al., 2015). A wake-induced rolling moment coefficient |C).,;;| above
0.28 is considered a high hazard, between 0.1 and 0.28 a medium hazard, and below 0.1 a low hazard. As expected, in both
stability conditions, the aircraft inside the wake experiences higher values of rolling moment coefficient, indicating increased
turbulence of the turbine wake. However, rolling moment coefficients experienced in both stability cases for the aircraft inside
the wake remain within the “low” hazard threshold of |C,..;;| < 0.1.

While these sample aircraft flight tracks in Figure (4b, d) show an example for one location in the wake, the LES data
set allows us to calculate more instances of roll hazards throughout the entire wake. More conclusive results can be seen
by assessing the 540 flight paths down and across the wake spanning all 100 s of data. We summarize occurrences of roll
hazard calculations via histograms of neutral (Figure 5a, b) and stable (Figure 5c, d) cases and down-wake (Figure 5a, ¢) and
cross-wake (Figure 5b, d) transects as a function of the downwind distance from the turbine.

In all transects and stabilities, over 99.99% of all calculations exist within the low hazard threshold. Table 1 lists detailed
counts of instances classified as “medium” hazards (0.1 < |C..o;;| < 0.28). The stable cross-wake configuration has the greatest
fraction of “medium” hazards at 188 out of 10,868,000. Across all cases, no moments reach the “high” hazard threshold.
Further, the vast majority of calculated roll hazards are even smaller than the maximum low hazard limit (|C}.oy;| < 0.1) and
are contained within |C,..;;| < 0.02 (Figure 5). The decreasing frequency of rolling moment coefficients |C,.,;;| greater than
0.02 beyond 8D suggests that roll hazards decrease with downstream distance at this point (Figure 5). While we hypothesized
the stable case would generate more hazardous rolling moment coefficients, we find similar fractions of “medium” hazards in
the stable conditions as in neutral (Figure 5). Even though stable conditions enable the wake to persist longer downwind than
in convective conditions, they do not increase turbulence that would pose hazards for general aviation aircraft.

The largest roll hazards, as indicated by C'.,;;, occur most frequently about 5D downwind from the turbine (Figure 5).
The three highest roll hazards in the neutral, down-wake case (C,.;; = 0.128, 0.124, 0.123) all occur in a sequential line
downwind near 6.5D in the top-feft-bottom-left quadrant of the rotor disk as looking downwind (black circles in Figure 4a).
These rolling moment coefficients are all positive, indicating clockwise rotation about the aircraft’s longitudinal axis when
looking downwind. In the neutral, cross-wake case, the three highest rolling moments (C,.,;; = 0.127, 0.124, 0.124) occur
between 3D and 4.5D in the top-right quadrant of the rotor disk (empty circles in Figure 4a). For the stable, down-wake case,
the highest two roll hazards (C,.,;; = —0.121, —0.12) occur at 3.5D downwind, in the top-left quadrant of the rotor (Figure 4c).
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Figure 4. Comparison of rolling moment coefficient (b, d) between the flight path inside (red) and outside (blue) of the turbine wake in the
neutral (a, b) and stable (c, d) cases. The vertical cross section of the downwind component of the wind velocity u, scaled by inflow wind
speed ug, 7.4 and 9.4 m s~ in neutral and stable conditions, respectively, at the turbine location (y = 0; a, c) is contoured for reference, over
which the height of the flight paths (z = 100 m) is traced in a red dashed line. The dots represent the downwind and vertical location of the

three highest rolling moment coefficients experienced by the down-wake (black) and cross-wake (empty) array of aircraft.

The next highest hazard (C..,;; = —0.119) occurs 2.5D downwind, differing from the prior hazards by residing in the bottom-
left quadrant of the rotor (Figure 4c). The largest hazards across all cases occur in the stable, cross-wake case at Cy.o;; = 0.14,
0.14, 0.136, with the first two in the bottom-right quadrant of the rotor disk and the third in the top-left (empty circles in Figure
4c). All of these peak hazards are located in the high-shear zone at the edge of the wake -between 3 and 7D downwind from
the turbine (and not closer to the turbine, e.g. 0.5-1D), which suggests that the rolling moment is more influenced by horizontal

shear in the flow than by wake rotation.
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4 Discussion and Conclusion

As wind energy development increases in the vicinity of general aviation airports, concerns for turbine wake-induced roll
hazards on aircraft grow. Of particular concern is the rolling moment, the aerodynamic force applied at a distance from an
aircraft’s center of mass that causes the aircraft to undergo angular acceleration about its roll axis. Using LES of stable and
neutral flow past a utility-scale wind turbine, we quantify the roll hazards experienced by general aviation aircraft transecting
the wake.

We represent a typical general aviation aircraft in the LES data as a 10-m line comprised of eight segments that are 1.25 m in
length. At each point along the aircraft, we sample the LES wind vectors to calculate rolling moment and the rolling moment
coefficient. We define 540 flight tracks to march through the wake to make the roll hazard calculations. The flight tracks have
down-wake and cross-wake orientations and extend through the entire downwind 682 points and 247 points, respectively,
yielding 176,880 calculations of a roll hazard for each stability case for each time step of data.

The rolling moment coefficient serves as our primary roll hazard metric, as it normalizes the rolling moment on the aircraft
by the aircraft size, shape, and airspeed to produce a standard hazard index. This index has been classified by past studies into
thresholds for low, medium, and high roll hazards. When comparing a sample flight path outside of the wake’s influence to one
within the wake center, we find that an aircraft flying within the wake experiences higher rolling moment coefficient than an
aircraft flying in a wake-free environment. However, analysis of all 540 flight paths through the wake reveal that over 99.99%
of hazard calculations remained within the low criterion in both neutrally stratified and stably stratified conditions across 100 s
of data. In neutral conditions, the largest of these low hazards are classified as “medium” hazards and exist 55-6.5D downwind
of the turbine in the upper-feftbottom-left portion of the rotor disk. The highest hazards in the stable case also remained within
the medium threshold and are located in two separate regions of the wake: approximately 5B-4D downwind in the upper-left
bottom-right quadrant of the rotor as-in-the-neutral-ease-and-8D-and 6D downwind in the bottom-left-top-left quadrant of the
rotor.

Our calculated roll hazards differ from those in Mulinazzi and Zheng (2014), who used a helical vortex model scaled up from
wind tunnel measurements to find significant roll hazards far downwind from a wind turbine. Conversely, our results using an
actuator-line representation of a wind turbine in the SOWFA LES model never surpass the low roll hazard threshold. Rather, our
results agree with those of Wang et al. (2015, 2017), whose calculations are computed from the Beddoes circulation formula
(Madsen and Rasmussen, 2004), as opposed to the wind tunnel extrapolation in Mulinazzi and Zheng (2014). Past successes in
turbine wake modeling using LES actuator-line methods can in part validate our results (e.g., Churchfield et al. (2012); Nilsson
et al. (2015); Jha et al. (2015)).

This study presents a simple method for quantifying turbine wake-induced roll hazards on general aviation aircraft and is
constrained by the assumptions made to represent an aircraft within LES data of a single turbine wake. While we have shown
that individual wakes in neutrally stratified and stably stratified conditions are unlikely to pose hazards to general aviation
aircraft, interactions between wakes could also be explored. Future simulations of wind plants that allow for wake interaction

(as in Vanderwende et al. (2016)) and larger turbine types could be useful. Our conclusions are drawn from rolling moment
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calculations, though additional calculations of yawing and pitching moments could also be beneficial. Our results may also
be supported by field tests, in which tethersondes (Lundquist and Bariteau, 2015) or unmanned aircraft vehicles (Kocer et al.,

2012; Lawrence and Balsley, 2013; Baserud et al., 2014) would fly through the wake of a real utility-scale turbine during

variable conditions to directly measure roll hazards. Future studies could integrate simulations like these with flight simulators
5 to understand the coupling of the atmospheric behavior to pilot response for an integrated assessment of roll hazard, as in
Wang et al. (2015).
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