Reply to reviewers

March 18, 2019

We would like to thank the three reviewers for their feedback and suggestions to improve the article. In
the proceeding sections, the reviewers comments are copied and answered per comment (blue color). We
have also added minor corrections and model updates ourselves:

1.

We have added an earlier reference in the introduction of a multi-rotor wind mill (not a wind turbine)
that was used for water management purposes in the early 1900s.

We have added a statement about the induction correction in Section 2.2: ”It should be noted that
applying the induction correction after the 10 minute averaging did not make a difference for the final
power curve.”

There was a typo in the sampling frequency of the power curve measurements, which is corrected from
20 to 1 Hz (Section 2.2).

There was also a typo in the legend of Figure 4: Stages 142 should be Stages 1+3.

We added a sentence in Section 3.3 to point out that both MIRAS-FLEX5 and LES-AL-FLEXS5 use the
same Mann turbulence scaling: ”The same scaling factor is necessary in LES-AL-FLEX5 simulations,
as discussed in Sect. 3.4.”

An additional document is provided that highlights all modifications with respect to the initial submitted
version.

Reviewer 1 (Peter Jamieson)

1.

I think this paper reflects excellent experimental work. My main concerns are with the introduction
as a key aspect of the work is not recorded. The results of this paper are the first experimental
corroboration in real wind operation (validation as yet would be too strong a word as the results give
in effect only one data point for 4 closely spaced turbines) of power gains previously predicted by
purely computational methods associated with the interaction of numbers of rotors and spacing. The
main problem is that references are not up-to-date with the most substantial piece of work (Innwind
task 1.33 Report of 2015) missing and papers on power enhancement from multiple turbine blockage
- Nishino (2015) and others - missing. Results from 2015 are; 35% power gain from an infinite array
(70 actuator discs) at optimum spacing for a large array 1 radius (Nishino 2015); 8% from 45 rotors
at minimal spacings 5% and 2.5% diameter (Innwind, Chasapogiannis, 2015); 3% from 7 rotors (cited
Chasapogiannis 2014) at 5% diameter spacing. So the 4R-V29 result of 2% from 4 rotors closely spaced
fits well with the above but it is really great that is comes from real turbines operating in real turbulent
wind!

We have looked at the suggested additional literature:
e The final Innwind report does discuss the 45 multi-rotor wind turbine, but I could only find the

8% power increase for a tip clearance of 2.5% of the rotor diameter compared to an equivalent
single-rotor wind turbine, which we have added to the introduction of the revised article.


http://www.innwind.eu/-/media/Sites/innwind/News/36729101_INNWIND_V4.ashx?la=da&hash=9056460D387516683B235EA2096086C890513CBF

e We have looked at the work of Nishino and Draper| (2015)) and we have written the following in
the revised version: [Nishino and Draper| (2015)) have employed RANS simulations of a horizontal
array of ADs with a tip clearance of 50% of the rotor diameter and a constant thrust coefficient of
8/9. They find an increase in the wind farm power coefficient, based on the disc averaged velocity,
up to 5%, when increasing the number of ADs from 1 to 9. [Nishino and Draper| (2015) have also
simulated an infinite array of ADs, but the domain blockage ratio for this case was too high (2%)
in order to have a valid result, as also discussed in Sect. 3.2.2 of the present article.

e The 35% power increase discussed by |Nishino and Draper| (2015) comes from an older article
Nishino and Wilden (2012), where an array of tidal turbine in a small channel was modeled. This
power increase is not relevant for the present work, because it is mainly caused by a very large
blockage ratio. If one would like to model shrouded wind turbine rotors, then one could refer to
the 35% power increase.

e We could not find an article of Chasapogiannis (2015).

2. The sentence starting in line 15 ”it is..” etc is a misunderstanding and needs deletion or ammendment.
BEM of course cannot be used in any present form for interacting rotors and all data regarding rotor
interaction comes from CFD or vortex models as in Chasapogiannis.

This has been removed.

3. There are power gains of the Innwind 45 multi-rotor array from two separate influences - response to
turbulent wind compared to a single large turbine (which does not depend on interactions - simply the
faster response of small turbines modelled in BEM with structural and control system dynamics) and
rotor interaction. Also the dominant effect on structure loads comparing multi and single (at least for
large numbers of turbines) has nothing to do with rotor interactions but with averaging effects of many
turbines.

‘We have added these statements to the introductions.

4. In 5 Conclusions, p 25, line 22, a wake recovery distance of 4R-V29 of 1.03 to 1.44 Deq is ”shorter”
than for a single equivalent rotor. Why not approximately quantify the relevant distance for the single
rotor?

The wake recovery of the equivalent single-rotor wind turbine is compared with a simplified multi-
rotor wind turbine. We could define a wake recovery distance at which the wake is 85% recovered (for
example) for both wind turbines. We then find similar numbers (approximately) as presented in the
article because we can shift the velocity deficit of the multi-rotor wind turbine such that it matches
the velocity deficit of the single-rotor wind turbine.

5. Overall T think the paper should be improved by inclusion of the missing references and something like
the story above regarding power gains discussed.

See first answer.

Reviewer 2 (Anonymous)

The paper describes a comparison between measurements and simulations of wakes of the multi-rotor demon-
strator at Risg. The paper is thorough, but unfortunately measurements and simulation results do not match
up. Good to publish though, for other’s to improve upon further.

1. Does the influence of trees and highway (mentioned on page 6., line 10) perhaps explain some of the
differences between measurement and simulation (far wake)?

Yes, this could have influenced the far wake results. We have now added a small statement in the
Results and Discussion section (Section 4.3.2) and we have added that it is challenging to compare the
models with a single 8 minute averaged result of the WindScanner.



2. On page 7, line 9-11, it is stated that the atmospheric conditions were used as input to the simulations.
Yet on page 18 line 11-13, it is stated that the near-neutral conditions could have reduced wake deficit
of measurements relative to simulations. How can the conditions still be ”blamed” if they were taken
into account in the simulations, also the more high-fidelity ones? Am I missing something?

This has been clarified in Section 2.3. We employ neutral atmospheric conditions for all models.

3. Possible correction: - Page 18, line 7-8: Isn’t wake deficit higher if wind speed is lower in the wake?

We have corrected this.

Reviewer 3 (Dominic von Terzi)

The manuscript deals with the comparison of power curve and wake data from measurements and various
simulations for a multirotor-demonstrator. The authors identify a significant performance gain and the
potential for a substantial denser spacing of such an architecture as compared to an equivalent single-rotor
turbine. While some supporting evidence is given, I am not yet convinced of these conclusions. Nevertheless,
in my view, the obtained data are of interest. Hence, I recommend to accept the manuscript for publication
with minor revisions. My two main concerns are:

1. Simulations and measurements don’t seem to agree well enough and, for the far wake, sufficient mea-
surement data are missing (as also stated by the authors).

We agree. This is why an additional measurement campaign has been carried at the end of 2018, which
focuses on the far wake velocity deficit of the multi-rotor wind turbine using a long-range lidar system.
We plan to present these additional measurements in a follow up article.

2. The neutral atmospheric stability conditions chosen for the simulations are not fully representative for
what a turbine would see in the field and, hence, real performance gains and wake recoveries may be
substantially different.

You are right that the effect of atmospheric stability is important. Some of the employed simulations
tools can include these effects, although they still need a more thorough validation, which could be done
in another article dedicated to the effect atmospheric stability. In the present work, we have chosen to
restrict ourselves to (near) neutral conditions. However, the employed RANS-AD model has been used
with different ambient turbulence intensities (5%, 10% and 20%) corresponding to wide range of wind
shears (shear parameters of 0.06, 0.13 and 0.25, respectively). The influence of the ambient turbulence
intensity on the power gain between is significant and shows that the effect of different atmospheric
conditions is important.

3. The following suggestions may help in addressing the above concerns: What is the estimate for mea-
surement errors? How does this estimate change with wind speed, shear and turbulence intensity?

This is good and relevant question and we have had related discussion among the authors. We are
aware that the uncertainty or bias of the individual absolute power measurement may be higher than
the measured power gain. However, we have tried to minimize the effect of this by using consecutive
power measurements to quantify the rotor interaction: Stage 1 (1 bottom rotor R; in operation for 15
min.), Stage 2 (All rotors in operation for 15 min. and only use power measurements of Ry and R3),
Stage 3 (1 top rotor R3 in operation for 15 min), as discussed in Sections 2.2 and 4.2 In addition, we
have corrected for the difference in the induction, as discussed in Appendix A.

4. Regarding figures 10 11, it may be useful to add lines or additional graphs for measurements filtered
for similar stability conditions as in the simulations, i.e. for roughly neutral conditions or at least the
same shear. If sufficient data were to remain after filtering the measurements, comparisons may be
improved and the conclusions of the authors strengthened.

We agree. However, the amount of data is not large enough to allow additional filtering. We have added
to Section 2.1: ”In addition, the power curve measurements are not filtered for turbulence intensity
and atmospheric stability, because the amount of data after filtering would be too small.”



5.

10.

11.

12.

I liked the concept of the equivalent single rotor used in section 4.4, but would have also liked to see a
figure with power curves of this equivalent rotor compared to the (simplified) multi-rotor simulations.
It may then make sense to introduce the equivalent rotor at the end of section 3 and add power curve
figures after Fig. 11.

I think there is a misunderstanding of the RANS-AD setup used to simulate a simplified multi-rotor
and an equivalent single-rotor wind turbine. In order to make a fair comparison of the wake deficit, we
have chosen to define thrust and tangential force distributions and scale it with the relevant parameters
(as mentioned in the article), such that both the total thrust and tip speed ratio is the same for the
multi-rotor and equivalent single-rotor wind turbines. This mean that AD model of the simplified
setup cannot be used to calculate the wind turbine power, because it is an input rather than a result.
Note that input Cp curve of the both wind turbines is the same. This would mean that the power
curve of the equivalent single rotor is the same as the power curve of the multi-rotor wind turbine.

. With the concept of the equivalent single rotor, the choice of a suitable simulation tool from the

authors’ arsenal and systematically varying shear and turbulence intensity of the inflow, it may be
possible to gain sufficient insights to explain observed power gains and accelerated wake recovery (and
the differences to the measurements).

We have continued the concept of the equivalent single rotor in a recently submitted wake conference
article using both RANS and LES. This work is focused on multi-rotor wind farms.

If the authors feel that the above recommendations cannot be obtained in a timely manner, they may
choose to limit the manuscript to neutral stability conditions by adjusting the title and toning down
the abstract and conclusions accordingly.

This is a bit difficult, because the power curve measurements do include effects of stability, while the
wake measurements are near neutral and the simulations are neutral. Hence we cannot add to the
title that we only consider neutral or near neutral conditions. However, the text clearly explains the
stability conditions per measurement campaign and simulation setup.

Additional suggestions to improve the manuscript: Some more proofreading may be in order, e.g. last
sentence in the introduction, p. 9 line 8, captions of figures 10 11, p. 17 lines 11-13, p. 18 line 7,
references Ghaisaset al. and Meyer et al.

Corrected. We could not find a typo in the reference to Ghaisas et al.

In the abstract and conclusions, providing +/-0.2% (p. 1 line4-5) may be misleading as the true
measurement errors are likely substantially higher (as is stated on p. 14 lines 14-15).

We understand this concern and we have had similar discussions among the authors. We have now
decided to remove the reported standard error of the mean in the conclusion and abstract, while we
keep them in the Results and Discussion section where the representation of the +0.2% is explained.

Regarding the first paragraph of the introduction, are there also some disadvantages of a multi-rotor
architecture?

Yes, one could argue that more components are needed and a more complex tower is required. We
have added some discussion to the introduction.

Regarding figure 7, maybe plot (also) in log-log scale? Moreover, plotting spectra of longitudinal
velocity fluctuations or turbulent kinetic energy of measurements and the fitted Mann model may be
helpful to appreciate the quality of the inflow data.

We have considered to add plots of the fitted Mann spectra, but we decided to leave them out of the
article to limit the number of pages. Regarding Figure 7, we prefer to use a linear scale for the height
because the turbulence intensity is not linear in a log scale.

On p. 10 line 14 shouldn’t it be C,, = 0.9 or 1/(C,,) = 0.03?

The standard value of C), is the k-¢ model is 0.09. However, for atmospheric flows, it is common to
use C,, = 0.03, which is based on surface layer measurements taken at several places, see for example
Page 28 of the PhD thesis of the main author van der Laan| (2014):




The value of C), is based on the log law solution for k:

u4 u4
Cp=—== u =0.03, (1)
"R 102402+ 02)

where o, 0, and o,, are measured standard deviations of the velocity components in a neutral atmo-
spheric surface layer, that have been summarized by [Panofsky and Dutton| (1984):

Tu — 9,39 +0.03, v~ 1.92+0.05, Tw _ 1,95 +0.03. (2)
U

U (.
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Abstract. Numerical simulations of the Vestas multi-rotor demonstrator (4R-V29) are compared with field measurements of
power performance and remote sensing measurements of the wake deficit by a short-range WindScanner lidar system. The
simulations predict a gain of 0-2% in power due to the rotor interaction, for wind speeds below rated. The power curve
measurements also show that the rotor interaction increases the power performance below rated by +8=0-2%1.8%, which
can result in a +-54+0-2%-1.5% increase in the annual energy production. The wake measurements and numerical simulations
show four distinct wake deficits in the near wake, which merge into a single wake structure further downstream. Numerical
simulations show that the wake recovery distance of a simplified 4R-V29 wind turbine is 1.03-1.44D. shorter than for an
equivalent single-rotor wind turbine with a rotor diameter D.q. In addition, the numerical simulations show that the added
wake turbulence of the simplified 4R-V29 wind turbine is lower in the far wake compared to the equivalent single-rotor wind
turbine. The faster wake recovery and lower far-wake turbulence of such a multi-rotor wind turbine has the potential to reduce

the wind turbine spacing within a wind farm while providing the same production.

1 Introduction

Over the last decades, the rated power of wind turbines has increased by upscaling the traditional concept of a horizontal axis
wind turbine with a single three-bladed rotor. It is expected that this trend will continue for offshore wind turbines, although
the problems that arise from realizing large wind turbine blades (> 100 m) are not trivial to solve (Jensen et al., 2017). An
alternative way to increase the power output of a wind turbine is the multi-rotor concept, where a single wind turbine is
equipped with multiple rotors. From a cost point of view, it can be cheaper to produce a multi-megawatt wind turbine with
several rotors consisting of relatively small blades that are already mass produced compared to a single-rotor wind turbine with
newly designed large blades (Jamieson et al., 2014). In addition, small blades are easier to transport than large blades, which

makes a multi-rotor concept interesting for locations where the infrastructure is a limiting factor. Multi-rotor wind turbines do

also have disadvantages. For example, a more complex tower is required and the number of components is larger compared to
single-rotor wind turbines.
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The multi-rotor wind-turbine-concept is an idea-firstintrodueed-by-Honnef(1932)--old idea that dates back to the start of 19th

century. Between 1900 and 1910, a Danish water management wind mill, was upgraded to a twin-rotor wind mill (Holst, 1923) .

Around the 1930s, Honnef (1932) , introduced the multi-rotor concept for an electricity generating wind turbine, as discussed
by Hau (2013). In the late 20th century, the Dutch company Lagerwey Wind built and operated several multi-rotor wind turbine

concepts based on two, four and six two-bladed rotors (Jamieson, 2011). In April 2016, Vestas Wind Energy Systems A/S built
a multi-rotor wind turbine demonstrator at the Risg Campus of the Technical University of Denmark. This multi-rotor wind
turbine, hereafter abbreviated as the 4R-V29 wind turbine, consists of four V29-225 kW rotors, laid out in a bottom and top pair.
The 4R-V29 wind turbine has been operated for almost three years and was decommissioned in December 2018. In the present
article, we investigate the power performance and wake interaction of the 4R-V29 wind turbine using field measurements and
numerical simulations.

The tip clearances between the rotors in multi-rotor wind turbines are typically much smaller than a single rotor diameter,
and several authors have shown that the operating rotors strongly interact with each other. Chasapogiannis et al. (2014) and
Jamieson et al. (2014) have performed numerical simulations of closely spaced rotors positioned in a honeycomb layout
with a tip clearance of 5% of the (single) rotor diameter. Chasapogiannis et al. (2014) simulated seven 2 MW rotors using
computational fluid dynamics and vortex models, and they calculated an increase in power and thrust of about 3% and 1.5%,
respectively, compared to seven non-interacting single rotors. In addition, Chasapogiannis et al. (2014) found that the seven
individual single wakes merge into a single wake structure after a downstream distance of two rotor diameters. Jamieson et al.
(2014) have simulated a 20 MW multi-rotor wind turbine consisting of 45 444 kW rotors;-and-. They argued that wind turbine

loads are reduced compared to a single-rotor 20 MW wind turbine because of load-averaging effects when using 45 small rotors
and the power performance is increased eempared-to-a—single 20-MW-rotor—Itisnot-clear-how-theseresults-are e

of-the-closely-spaced rotors-without-additional-modelingbecause of rotor interactions, and the fact that smaller wind turbines
can respond faster to wind speed variations. More recently, Jensen et al. (2017) , reported an 8% power increase for the same
multi-rotor wind turbine using a smaller tip clearance of 2.5% or the rotor diameter. Nishino and Draper (2015) have employed
Reynolds-averaged Navier-Stokes (RANS) simulations of a horizontal array of actuator disks (AD) with a tip clearance of 50%
of the rotor diameter and a constant thrust coefficient of 8/9. They find an increase in the wind farm power coefficient, based
on the disc averaged velocity, up to 5%, when increasing the number of ADs from 1 to 9. Nishino and Draper (2015) have also
simulated an infinite array of ADs, but the domain blockage ratio for this case was too high (2%) in order to have a valid result,
as also discussed in Sect. 3.2.2 of the present article.

Ghaisas et al. (2018) have employed large-eddy simulations (LES) and two engineering wake models to show that a general
multi-rotor wind turbine consisting of four rotors has a faster wake recovery and lower turbulent kinetic energy in the wake
compared to a single rotor with an equivalent rotor area. They argued that the faster wake recovery is a result of a larger
entrainment because the ratio of the rotor perimeter and the rotor swept area is twice as high for their multi-rotor turbine
compared to a single-rotor turbine. In the same work, it was also shown that different tip clearances in the range of zero to two

rotor diameters hardly effect the wake recovery of the multi-rotor wind turbine, while the turbulent kinetic energy in the far
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wake varies, although its always less than the turbulent kinetic energy in the far wake of a single rotor. Finally, it was shown
that the power deficit and the added turbulent kinetic energy in the wake of a row of five multi-rotor wind turbines is less
compared to a row of five single-rotor wind turbines. These results suggest that a wind farm of multi-rotors has less power
losses and fatigue loads due to wakes compared to a wind farm of single-rotor wind turbines. In the present article, we would
like to confirm the results of Ghaisas et al. (2018) for the 4R-V29 wind turbine using different models and levels of ambient

turbulence.

2 Field measurements

2.1 Definition of 4R-V29 wind turbine

Wind direction
s=3102m

A

Rl R2 /
hy =59.50 m

D =29.20 m

hy=29.04m

Figure 1. Left: 4R-V29 wind turbine located at the Risg Campus. Right: sketch of 4R-V29 wind turbine including dimensions and rotor

definitions shown in a top and front view.

Fig. 1 depicts the 4R-V29 wind turbine located at the Risg Campus of the Technical University of Denmark and a corre-
sponding sketch including dimensions and rotor definitions. The hub height of the bottom rotor pair (R; and R3) and the top
rotor pair (R3 and R4) are 29.04 and 59.50 m, respectively, which gives an average hub height of 44.27 m. The horizontal
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distance between the nacelles for both pairs is 31.02 m. The rotors are equipped with 13 m (V27) blades, where the blade root
is extended by 1.6 m, resulting in a rotor diameter of 29.2 m. The rotor tilt angles and the cone angles (the angle between the
individual rotor plane and its blade axis) are all zero. To increase the horizontal distance between the rotors (tip clearance), the
4R-V29 has a toe-out angle of 3°, as depicted in the top view sketch of Fig. 1. This means that the left rotors (R; and R3) and
right rotors (R2 and R4) are yawed by +3°and -3°, respectively. (A positive yaw angle is a clockwise rotation as seen from
above.) The horizontal and vertical tip clearances are 1.86 and 1.26 m, or 6.4% and 4.3% of the single rotor diameter, respec-
tively, which is close to the 5% that has been used in simulations performed by Chasapogiannis et al. (2014) and Jamieson et al.
(2014). It is possible to yaw the bottom and top pairs independently from each other, which could be beneficial in atmospheric

conditions where a strong wind veer is present (i.e. a stable atmospheric boundary layer).
2.2 Power curve measurements

Power curve measurements of the 4R-V29 wind turbine were carried out to quantify the effect of the rotor interaction on the
power performance. For this purpose, a test cycle of three stages has been run repetitively, as illustrated in Fig. 2. During Stages
1 and 3, only rotors R; and R3 are in operation, respectively, while all other rotors are in idle. During Stage 2, all rotors are
in operation. We use two single-rotor operation stages to account for the effect of the shear. Each stage is run for 15 min and
are post processed to 10 min data samples by the removal of start up and shutdown periods between the stages. By toggling

the stages at every 15 min, we minimize differences in environmental conditions between the three data sets (one data set per

stage).
Stage 1 (15 min) Stage 2 (15 min) Stage 3 (15 min)
Operation
R; Ry R O 1die
R1 Rl R2

Figure 2. Test cycle of power curve measurements of 4R-V29 wind turbine.

The reference wind speed is measured by a commercial dual mode continuous wave lidar, ZephIR 300, manufactured by
ZephlIR (UK) (Medley et al., 2014). The lidar is mounted on the top platform of the 4R-V29 wind turbine at height of 60 m,
as depicted in the left image of Fig. 3. It measures the upstream wind speed at 146 m (5D) and 300 m (= 10.3D), at a height
of 44.3 m, as shown in the right plot of Fig. 3. We choose to use the lidar measurements of the reference wind speed at 146 m
because the lidar measurements at 300 m have less data availability and a higher volume averaging. In order to capture the wind
speed at a hub height of 44.3 m, it is configured with a tilt angle of -7 deg, such that the center of the scan is directed towards

the desired measurement height, as illustrated in Fig. 3. A horizontal pair of measurements at this height are used to determine
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the wind speed and yaw misalignment, using a pair-derived algorithm. The lidar measurements are corrected in real time for
tilt variations due to the tower deflection. A sample, measured every 6:05-s(26-1 s (1 Hz), is corrected for the difference in the
induction zone for when only one or all four rotors are in operation, as discussed in Sect. A. The corrected data samples are
averaged over 10 minutes and then binned in wind speed intervals of 0.5 m/s. It should be noted that applying the induction

correction after the 10 minute averaging did not make a difference for the final power curve.
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Figure 3. Left: ZephIR Z300 placement on the 4R-V29 wind turbine. Right: Scanning cone for x = 146 m (green) and x = 300 m (red).

The total available measurement cycles is depicted in the right plot of Fig. 4 and corresponds to 549 10 min data samples or
approximately 91.5 h for each stage between wind speeds of 4 and 14 m/s. The total amount of data per stage is about half of the
minimal requirement as defined in the international standard (IEC), where a power curve database should include at least 180
h of data and a minimal of 30 min per binned wind speed. In addition, there is not much data available above rated. As a result,
the standard error of the mean power in a bin is high, as shown by the error bars in the power curves of Fig. 4 (left plot). These
two power curves represent the sum of power from rotors R; and R3 of Stages 1 and 3, and the sum of power from rotors R;
and Rj3 of Stage 2, both multiplied by a factor two. The relative difference between the power curves is discussed in Sect. 4.2.
The power curve measurements are filtered for events, where a rotor (that is planned to operate) is not in full operation. During
the power curve measurements, the neighbouring V27 and Nordtank (NTK) wind turbines were not in operation (see Fig. 5).
To avoid the influence of the other neighboring wind turbines and flow disturbance of a motorway, the power measurements
are filtered for a wind direction sector 180-330°, which represents an inflow from the fjord (see Fig. 5). It should be mentioned
that the wind turbine test site of the Risg Campus is not flat. The influence of this is minimized by adjusting the lidar configured
height to match the height difference upstream, though this could give a slight influence on the power curve measurements. In

addition, the power curve measurements are not filtered for turbulence intensity and atmospheric stability, because the amount
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of data after filtering would be too small. However, the measurements are filtered for normalized mean fit residual below 4%,

which removes data samples with high complexity of incoming flow.

—— Allrotors (Stage 2)
-{-- Single rotors (Stages 1 + 3)

N W A N
S O O o O

Number of test cycles

Power of 2(R; + R3) [kW]
=

Urer [m/s]

Figure 4. Left: Measured electric power of 2(R1 + R3) from the 4R-V29 wind turbine as function of the freestream velocity at a height of

44.27 m for all rotors and single rotors in operation. Error bars represents the standard error of the mean power. Right: Number of test cycles.

2.3 Wake measurements

The wake of the 4R-V?29 turbine has been measured by three ground based short-range WindScanners (Mikkelsen et al., 2017;
Yazicioglu et al., 2016) in two separate measurement campaigns, referred as the near wake and the far wake. The measurement
setup is shown in Fig. 5. The three WindScanners measure the wake deficit by synchronously altering the line-of-sight azimuth
and elevation of each individual unit. In the near wake campaign, the WindScanners are scanning three cross planes located
at 0.5D, 1D and 2D downstream. In addition a horizontal line at the lower hub height 1D downstream was rapidly scanned
at about 1 Hz. Each cross plane/line is scanned for 10 min, before moving on to the next, which means that every 40 min a
complete set of three cross planes is available. The data is stored in one-minute files and the 10 min scans were post processed
for minutes without scan plane transitions, rendering 8 min means. The far wake campaign consists of only one cross plane
scanned at 5.5D downstream. It is not possible to scan further downstream because of a highway and surrounding trees located
at 170-200 m downstream of the 4R-V29 wind turbine for a wind direction of 280°. The WindScanners are positioned in
between the near and far wake scanning distances. The selected WindScanner positions allow the monitoring of the near
and far wake measurements by turning the pointing direction to and away from the 4R-V29 wind turbine, respectively. Such
a configuration allows the estimation of the two components of the horizontal wind vector by assuming that the vertical
component was equal to zero. During the wake measurements, the neighboring Nordtank (NTK) and V27 wind turbines were
not in operation.

Fig. 6 summarizes the atmospheric conditions during the near and far wake measurements, as measured at the met mast

depicted in Fig. 5. The met mast is equipped with pairs of cups and sonic anemometers located at five heights: 18, 31, 44, 57
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Figure 5. Topography around the 4R-V29 wind turbine and overview of wake measurements. Right top plot is a zoom of the left top plot.
Bottom plot is the terrain height along transect A-A. Location of three WindScanners are shown as white squares, scanning locations are

shown as blue dashed lines, MM is the met mast, and V52, V29 and NTK are neighboring wind turbines.

and 70 m. The wind speed and wind direction are taken from a cup and a sonic, respectively, both located at a height of 44 m,
which is close to the average hub height of the 4R-V29 wind turbine. The turbulence intensity and the atmospheric stability in
the terms of a Monin Obukhov length Ly;o are measured by sonics located at a height of 44 and 18 m, respectively.

A near wake case is selected from three consecutive post processed scans measured between 21:36 and 22:03 GMT+1 on
28-Oct-2016. A far wake case is taken from one post processed scan measured between 21:45 and 21:53 GMT+1 on 1-Nov-
2016. During these periods, the atmospheric stability is near neutral (Lyjo = 340 m) and neutral (Lyjo = 661 m). The wind
direction in both cases is close to 280°, and the yaw offset with respect to the upper platform is 3.4°and 8.2°for the near and
far wake cases, respectively. The atmospheric conditions of the two cases are listed in Tab. 1, which are used as input for the

The wind speed and total turbulence intensity profiles measured at the met mast during the near and far wake case recordings
are depicted in Fig. 7. The wind speed and turbulence intensity at 44 m (U,¢r and I,¢¢) are used to determine neutral logarithmic
inflow profiles defined by zp and u. following Eq. (2). The results are listed in Tab. 1. The far wake profile deviates from a
logarithmic profile at a height of 18 m, which could be related to the upstream fjord-land roughness changes, as shown in Fig.
5, although this deviation is not observed in the near wake case inflow profile.

Spectra of 35 Hz wind velocity data measured by the sonic anemometer at 44 m are used to fit Mann turbulence spectra

(Mann, 1994) using three parameters: ae?, L and . When these parameters are used to generate a Mann turbulence box that
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Figure 7. Profiles of wind speed and turbulence intensity measured at the met mast and corresponding logarithmic surface layer using Ut

and I from Tab. 1 for the near and far wake measurement cases. Error bars represent the standard error of the mean.

is employed as inflow turbulence for the MIRAS-FLEXS and EllipSys3D LES-AL-FLEXS simulations (Sect. 3), the resulting
turbulence intensity in the Mann turbulence box is lower than the measured value at the sonic anemometer, which is not fully
understood. The problem is circumvented by using an s that is about twice as large as original fitted. The final values of
€3, L and T are listed in Table 1. Note that the stream-wise dimension of the Mann turbulence box is chosen to fit an entire
measurement case (40 min) using 2'4x27x27 points in the stream-wise and cross direction, respectively, with a spacing of 2

m in all directions.
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Table 1. Summary of test cases based on wake measurements and corresponding input parameters for numerical computations.

Directly measured Logarithmic profile Eq. (2) Mann model fit
Uret  ILret  Lwmo U 20 aes L T
Case Wake measurements | [m/s] [%] [m] | [m/s] [m] m*/3s72]  [m] [-]
Near wake 0.5D,1D, 2D 11.5 84 340 | 0.492 3.88x 1073 0.086 41.8 3.34
Far wake 5.5D 106 11.3 661 | 0.611 4.27 x 1072 0.1 477 437

3 Simulation methodology

Four different simulations tools are employed to model the 4R-V29 wind turbine: Fuga, EllipSys3D RANS-AD, MIRAS-
FLEXS and EllipSys3D LES-AL-FLEXS. The simulation methodology for each model, ranking from the lowest to highest
model fidelity, is described in the proceeding sections. Note that a high model fidelity corresponds to an intended high accuracy
for the price of a high computational cost, although a good model performance is not guaranteed. All simulations that are used
to model the 4R-V29 wind turbine only assume a neutral atmospheric surface layer inflow. In addition, only flat terrain with
a homogeneous roughness length is modeled, hence the effects of the fjord-land roughness change and sloping terrain are

neglected.
3.1 Fuga

Fuga is fast linearized RANS model developed by Ott et al. (2011). Fuga models a single wind turbine wake as a linear
perturbation of an atmospheric surface layer. In the present setup, a thrust force is modeled that is distributed uniformly over
the rotor swept area. The forces are smeared out using a two dimensional Gaussian filter with standard deviations of D /4 and
D /16 in the stream-wise and cross directions. The turbulence is elosed-defined by taking the eddy viscosity of an atmospheric
surface layer, which means that a wind turbine wake does not affected the turbulent mixing. The resulting equations are
transformed to wave number space in the horizontal directions to obtain a set of mixed spectral ordinary differential equations.
Since these equations are very stiff, a novel numerical solving method is developed by Ott et al. (2011). The linearity of the

model allows the superposition of single wakes, also in multi-rotor configurations.
3.2 EllipSys3D RANS-AD

EllipSys3D is an incompressible finite volume flow solver initially developed by Sgrensen (1994) and Michelsen (1992), and
has both RANS and LES models, and different methods to represent a wind turbine. In this section, the RANS-AD method is
discussed. The Navier-Stokes equations are solved with a SIMPLE algorithm (Patankar and Spalding, 1972), and the convective
terms are discretized with a QUICK scheme (Leonard, 1979). The wind turbine rotors are represented by actuator disks (AD)
based on airfoil data as presented in Réthoré et al. (2014). The RANS-AD model can only model stiff blades. The tip correction

of Pirrung and van der Laan (2018) is applied (with a constant of co = 29), which is an improved tip correction of Shen et al.
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(2005). This modified tip correction models the induced drag due to the tip vortex, which leads to a stronger tip loss effect
on the in-plane than on the out-of-plane forces. The RANS-AD model can be employed to model two different flow cases,
a uniform inflow and a neutral atmospheric surface layer, which are described in the following Sects. 3.2.1 and 3.2.2. The
uniform inflow case is used to validate the AD model of a single V29 rotor with the results of two blade element moment

codes. The neutral atmospheric surface layer flow case is used to simulate the 4R-V29 wind turbine.
3.2.1 Uniform inflow case

For the uniform inflow case, the numerical setup is fully described in Pirrung and van der Laan (2018). The uniform grid
spacing around the AD is set to D /20, which is fine enough to estimate Cr and C'p within a discretization error of 0.3%

following a previously performed grid refinement (Pirrung and van der Laan, 2018).
3.2.2 Atmospheric surface layer flow case

For the atmospheric surface layer flow case, the k-e- fp model from van der Laan et al. (2015) is employed, which is a modified
k- model developed to simulate wind turbine wakes in atmospheric turbulence. A typical numerical domain for ADs in flat
terrain and corresponding boundary conditions are employed as described in van der Laan et al. (2015). In the present work, a
finer spacing of D /20 is applied (in previous work of van der Laan et al. (2015) a spacing of D/10 has been used), and a larger
uniformly spaced wake domain is used: 15D x 5D x 4D (stream-wise, lateral and vertical directions), where D is a single rotor
diameter, and the 4R-V?29 wind turbine is placed at 3D downstream from the start of the wake domain. In addition, a larger outer
domain is used; 116D x 105D x 50D, such that the blockage effects are negligible (blockage ratio: /(105 x 50) = 0.06%).
In the RANS simulations, we have observed that a blockage ratio of 1% for the 4R-V29 wind turbine is not enough when
comparing the simulated power of the 4R-V29 wind turbine with a single V29 rotor using the same domain. This is because
the blockage ratio of the single V29 rotor simulation is four times lower than the 4R-V29 wind turbine simulation, and one
would include a false gain in power for the 4R-V29 wind turbine that is caused by the difference in blockage ratio between the
V29 and 4R-V29 wind turbine RANS simulations.

The inflow conditions represent a neutral atmospheric surface layer that is in balance with the domain (without the ADs):

Us Z+Zzo uf ui
U=—In s k= s E= ———MM 1
K ( 20 ) VC, k(z+20) M

where U is the stream-wise velocity, u., is the friction velocity, x = 0.4 is the Von Karman constant, z is the height, 2y is the

roughness length, % is the turbulent kinetic energy, C,, = 0.03 the eddy viscosity coefficient, and ¢ is the turbulent dissipation.
The friction velocity and the roughness height can be set using a reference velocity U,.s and a reference (total) turbulence

intensity Iof = 1/ 2k /Uy, for a reference height 2o
y 3 g

C;l/4 Zref
Uy = rchrcf ) 20 = = (2)
\/2/3 ry/2/3
/ eXp([ fcl//4)_1
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The shear exponent from the power law (U = U,er(2/2r0r)®) can be expressed by setting the shear at the reference height
(0U/0z|,,.,) from the power law equal to that from the logarithmic profile and substituting Eq. (2):
2
. % ot w3
o= Tl Lt |1—exp | - || = L274L 4+ O (1) 3)
KUret (Zrcf + ZO) /{\/g Irefc,u/
Note that the power law is not used in the simulations; however, the relation in Eq. 3 is employed to discuss the simulations in
Sect. 4.1.

3.3 MIRAS-FLEXS

The in-house solver MIRAS, Method for Interactive Rotor Aerodynamic Simulations, is a multi-fidelity computational vortex
model for predicting the aerodynamic behavior of wind turbines and the corresponding wakes. It has been developed at the
Technical University of Denmark during the last decade, and it is extensively validated for small to large size wind turbine
rotors by Ramos-Garcia et al. (2014a, b, 2017). The turbine aeroelastic behavior is modeled by using the MIRAS-FLEXS
aeroelastic coupling developed by Sessarego et al. (2017). FLEXS is an aero-elastic tool developed by @ye (1996), which
gives loads and deflections.

In the present study, a lifting line technique is employed as the blade aerodynamic model. The blade bound circulation is
modeled by a vortex line, located at the blade quarter-chord and sub-divided in vortex segments. The vorticity is released into
the flow by a row of vortex filaments following the chord direction (shed vorticity, which accounts for the released vorticity
due to the time variation of the bound vortex) and a row of filaments perpendicular to the chord direction (trailing vorticity,
which accounts for the vorticity released due to circulation gradients along the span-wise direction of the blade).

A hybrid vortex method is used for the wake modelling, where the near wake is modelled with vortex filaments and further
downstream the filaments circulation is transformed into a vorticity distribution on a uniform Cartesian auxiliary mesh, where
the interaction is efficiently calculated by an FFT-based method developed by Hejlesen (2016). Effects of domain blockage are
removed by solving the Poisson equation using a regularized Green’s function solution with free-space boundary conditions in
all directions except the ground, which is modeled using a slip wall. In order to avoid the periodicity of the Green’s function
convolution, the free-space boundary conditions are practically obtained by zero-padding the domain, as introduced by Hock-
ney and Eastwood (1988). The ground condition is modelled by solving an extended problem, accounting for the vorticity field
mirrored about the ground plane.

The prescribed velocity-vorticity boundary layer model (P2VBL) presented in Ramos-Garcia et al. (2018) is employed to
model the wind shear. This model corrects the unphysical upward deflection of the wake observed in simpler prescribed velocity
shear approaches.

The Mann model (Mann, 1998) is used to generate a synthetic turbulent velocity field on a uniform mesh, commonly
known as a turbulence box. The velocity field is transformed into a vortex-particle cloud, which is gradually released into
the computational domain at a plane 2D upstream the wind turbine. All components of Mann model velocity fluctuations are

scaled by a factor 1.2 in order to reproduce the measured turbulence intensity at hub height (as listed in Tab. 1). The same
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scaling factor is necessary in LES-AL-FLEXS simulations, as discussed in Sect. 3.4. It is not fully understood why this scaling
factor is necessary in order to reproduce the original inflow turbulence intensity, and it should be investigated further in future

work.

The used mesh has an extent of L, x Ly x L, =17.1D x 6.2D x 6.2D, where L, L, and L, is the stream-wise, lateral
and vertical domain length, respectively. A constant spacing of 0.7m, approximately 20 cells per blade, is used in all three
directions, resulting in a mesh with 714 x 258 x 258 cells. This sums up to a total of about 48 million cells with a number
of vortex particles in the same order. Due to aeroelastic constraints the time step is fixed to 0.01s. A total number of 70006
130000 time steps have been simulated for all cases. The analysis performed in the following sections use the data recorded for
the last 66666-120000 time steps. The turbulent box used in all computations is much larger than the actual simulated domain,
1122D x 9D x 9D, in order to include large structures in the simulation. Moreover, the discretization of the box is coarser,
with a constant spacing of 2 m, which is around 3 times larger than the computational cells. In this way the smaller turbulent

structures are generated by the solver.
3.4 EllipSys3D LES-AL-FLEXS

The structure of EllipSys3D is similar to that described in Sect. 3.2. For the LES cases the convective terms are discretized
through a combination of the third order QUICK scheme and fourth order central difference scheme in order to suppress
unphysical numerical wiggles and diffusion. The pressure correction equation is solved using the PISO algorithm.

LES applies a spatial filter on the Navier-Stokes equations, which yields in a filtered velocity field. The large scales are
solved directly by the Navier-Stokes equations, while scales smaller than the filter scale is modeled using a sub-grid scale
(SGS) model, which provides the turbulence closure. The SGS model is a mixed scale model based on an eddy-viscosity
approach as described by Ta Phuoc et al. (1994).

The turbines are modeled using the actuator line (AL) technique as described by Sgrensen and Shen (2002), which applies
body forces along rotating lines within the numerical domain of the flow solver, here EllipSys3D. The body forces are computed
using FLEXS. The actuator lines are therefore controlled directly by FLEXS, which means that the actuator lines are not only
rotating, but also deflecting within the flow. Additional details of the aero-elastic coupling can be found in Sgrensen et al.
(2015). The aero-elastic coupling also provides a turbine controller, which is made up of a variable speed P-controller for
below rated winds and a PI-pitch angle controller for wind speeds above rated, see Larsen and Hanson (2007) or Hansen et al.
(2005) for details on turbine controllers.

The atmospheric boundary layer is modeled by applying body forces throughout the domain, see Mikkelsen et al. (2007).
Applying body forces makes it possible to impose any vertical velocity profile, which is beneficial when aiming to model
specific measurement, e.g. Hasager et al. (2017).

Turbulence has also been introduced 2D upstream the turbines using body forces, see e.g. Gilling et al. (2009), where the
imposed turbulence is identical to the turbulence generated using the Mann model as described in Sect. 3.3. All components of
Mann model velocity fluctuations are scaled by a factor 1.2 in order to reproduce the measured turbulence intensity at the wind

turbine position, at hub height (as listed in Tab. 1)
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The computational meshis L, X Ly, x L, = 17.5D x 7D x 20D in the stream-wise, lateral and vertical directions, respectively.
This yields a blockage ratio of 2%, which is less that than 3% as recommended by Baetke et al. Baetke et al. (1990). The mesh
is equidistant in the streamwise direction and in a region containing the turbine and wake of 2 — 6D in the lateral and from
the ground up to 4D in the vertical, which is then stretched towards the sides. This corresponds to each turbine blade being
resolved by 36 cells in order to resolve the tip vortices, Troldborg (2008), and the mesh contains a total of 131 million cells.
Inlet and outlet boundary conditions have been applied in the streamwise direction, and cyclic boundary conditions on the
lateral. The top boundary is modeled as a symmetry condition and the ground with a no-slip condition.

The simulations have been run with time steps of 0.0063s and 0.0069s for the near and far wake case, respectively.

The presented statistics are based on 10 minutes, which have been sampled after the initial transients have propagated

through the domain, similar to the results using MIRAS-FLEXS.

4 Results and Discussion
4.1 Comparison of V29 rotor models

A comparison of the V29 rotor models from EllipSys3D RANS-AD and FLEXS (used by EllipSys3D LES-AL-FLEXS and
MIRAS-FLEXS) is made with a HAWC2 model of the V29 provided by Vestas Wind System A/S. The rotor model of Fuga
is not compared with the other models because the chosen thrust force distribution is uniform and the total thrust force is a
model input. Here, the deflections are switched off in FLEXS and HAWC?2 in order to make a fair aerodynamic comparison
with EllipSys3D RANS-AD that can only model stiff blades. The near wake model of Pirrung et al. (2016, 2017) is used in
HAWC?2, and a uniform inflow is employed without inflow turbulence and without the presence of a wall.

The mechanical power and thrust force as function of the undisturbed wind speed are plotted in Fig. 8 for the three models;
EllipSys3D RANS-AD, FLEXS and HAWC2. For wind speeds between 5 and 8 m/s, all three models predict a similar power
and thrust coefficients that differ in order of 2%. The thrust coefficient of EllipSys3D RANS-AD and HAWC2 only differ
around 1% for all wind speeds, while EllipSys3D RANS-AD overpredicts the power coefficient by about 1% below 9 m/s and
2-6% for higher wind speeds. The largest differences between FLEXS5 and HAWC?2 are observed around the shoulder of the
power curve, which is presumably caused by differences in control strategies.

The normalized tangential and thrust force distributions for three different wind speeds (7, 12 and 18 m/s) are plotted in
Fig. 9 for HAWC2, FLEXS and EllipSys3D RANS-AD. For a wind speed of 7 m/s (below rated), all three models predict
similar force distributions. For the higher wind speeds (12 and 18 m/s), there are differences between the three models, mainly
observed outboard and towards the blade tip, which could be related to the different tip corrections that are employed in each

model.
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Figure 8. Comparison of simulated mechanical power and thrust of a single V29 rotor using HAWC2, FLEXS and EllipSys3D RANS-AD.
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Figure 9. Comparison of simulated tangential (top row plots) and thrust (bottom row plots) force distribution of a single V29 rotor using
HAWC2, FLEXS and EllipSys3D RANS-AD.
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4.2 Performance of the 4R-V29 wind turbine

The measured and simulated relative difference in power ACp and thrust force ACT of the 4R-V29 wind turbine due to the

rotor interaction are depicted in Fig. 10. ACp and ACr are calculated as:

(P, + Pry) = (Pr, + Pry)

1

ncy — T+ 1) — (T + T "
P + P, I3+ T

ACp =

where s1, so and s3 correspond to the three stages of the test cycle as illustrated in Fig. 2, and P and T are power and thrust
force for a rotor ;. The measurements in the left plot of Fig. 10 show that the rotor interaction increases the power production
of the 4R-V29 wind turbine for the wind speed bins below rated between 7.5 and 11 m/s. The standard error of the mean ACp
is too large to make the same statement below 7.5 m/s. Above rated, the effect of the rotor interaction on the mean power is
smaller than below rated, and high uncertainties of the mean power for 11.5 and 13 m/s is observed. The weighted average of
ACp (using the number of observations per bin) for a wind speed between 5 and 11 m/s is 1.8 & 0.2%, which supports the
observed bias towards a power gain below rated. The rotor interaction of the 4R-V29 wind turbine increases the annual energy
production by 1.5+ 0.2% if we assume a Weibull distributed wind speed with shape and scale parameters of 2 and 7.5 m/s,
respectively (corresponding to a mean wind speed of about 6.7 m/s), and we assume a zero power gain below 5 m/s and above
11 m/s. The 0.2% uncertainty represents the standard error of the mean and does not represent measurement uncertainties
directly, which could be a lot higher than 0.2%. However, the analysis is focused on the relative differences between the test
cycles as illustrated from Fig. 4. In addition, we have removed uncertainties due to measurement biases as much as possible
(e.g. induction correction), as discussed in Section 2.2.

The RANS-AD simulations in Fig. 10 are performed for three different turbulence intensities (5%, 10% and 20%), and
a larger power and thrust force below rated is predicted when all four rotors are in operation for the two lowest turbulence
intensities (5% and 10%). The largest gain in power (2%) is found for the lowest turbulence intensity, where the shear is also
the lowest. For a large turbulence intensity, the effect of the rotor interaction is almost zero below rated. The loss in power
above rated power is not interesting because it possible to adapt the pitch angle such that the rated power is reached. Note that
the V29 rotor starts to pitch out between 10 and 11 m/s. The right plot of Fig. 10 shows that AC'7 from RANS-AD simulations
follow the trends of the ACp. This indicates that the axial induction of the 4R-V29 wind turbine is increased due to the
rotor interaction. The measured power gain including the standard error of the mean is in the same order as the RANS-AD
simulations, except for the wind speed bins of 8.5, 11, 12 and 14 m/s, where the measured power gain is underpredicted by the
simulations. The lower measured power gain for the winds speeds below 7.5 m/s compared to wind speeds between 7.5 and 9.5
m/s can also be related to the fact that a high turbulence intensity is more common for low winds speeds, and the RANS-AD
simulations show that the power gain decreases with increasing turbulence intensity.

Two results of MIRAS-FLEXS for a wind speed of 7 and 10.6 m/s using the Mann inflow turbulence of far wake case, which
has a turbulence intensity of about 10% are also depicted in Fig. 10. Each result represents the mean of two consecutive 10 min.
averages, and the error bar represents the standard error of the mean. The power gain predicted by MIRAS-FLEXS for a wind
speed of 7 and 10.6 m/s is 0.3% higher and 0.1% lower, respectively, compared to the results from RANS-AD (for a turbulence
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Figure 10. Relative difference between the 4R-V29 wind turbine with all rotors in operation and the 4R-V29 wind turbine with a single rotor

in operation, in terms power and thrust as function of the freestream velocity at a height of 44.27 m.

intensity of 10%); however, the trend with wind speed is the same. The gain in thrust coefficient from MIRAS-FLEXS is 0.7%
higher and 0.1% lower than RANS-AD for 7 and 10.6 m/s, respectively. The higher gains for 7 m/s from MIRAS-FLEXS are
not caused by difference in domain blockage when operating one or four rotors since effects of domain blockage are avoided,
as discussed in Section 3.3.

ACp and ACT for a bottom rotor (R;) and a top rotor (R3) calculated by the RANS-AD simulations for three different
turbulence intensities are plotted in Fig. 11. The measurements in Fig. 11 also depict ACp for one bottom (R;) and one top
rotor (R3). The RANS-AD simulations indicate that the difference in ACp and AC within a horizontal pair (R; compared
to Ry and R3 compared to R4) is negligible (results of Ry and R4 are not shown in Fig. 11 to improve readability), while
the difference between a vertical pair is clearly visible. The bottom rotors produce more ACp and AC7 than the top rotors,
and the difference between bottom and top pair increases with turbulence intensity probably due to associated increased shear.
For the largest turbulence intensity (20%) and shear (a = 0.25), only the bottom rotors produces more power, which could be
caused by the difference in thrust force between the top and bottom rotors. In other words, the high thrust force of the top
rotors creates a blockage effect that pushes more wind downwards into the rotor plane of the bottom rotors. Two results of
MIRAS-FLEXS, corresponding to a wind speed of 7 and 10.6 m/s and a turbulence intensity of about 10%, confirm that the
bottom rotors produce more AC'p and ACT with respect to the top rotors. In addition, the difference between MIRAS-FLEXS5
and RANS-AD is the largest for the bottom rotor for 7 m/s in terms of ACt (1%), where MIRAS-FLEXS5 also shows the
largest standard error of the mean because the lower rotor experiences a lower inflow wind speed and a higher turbulence
level compared to the top rotor. The measurements also indicate that a bottom rotor is mainly responsible for the power gain,

although the standard error of the mean of the bottom and top rotor overlap for most of the wind speed bins. In addition, one
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Figure 11. Rotor individual relative difference between the 4R-V29 wind turbine with all rotors in operation and the 4R-V29 wind turbine

with a single rotor in operation, in terms of power and thrust as function of the freestream velocity at a height of 44.27 m.

could argue that the sloping terrain, as illustrated in Fig. 5, may have influenced the difference between a top and a bottom pair,
because a sloping terrain can lead to a speed up close to the ground that enhances the wind resource for the lower rotor pair.

The terrain effects could be included and studied in future work.
4.3 Wake deficit of the 4R-V29 wind turbine

Results of the near wake test case are discussed in Sect. 4.3.1, while Sect. 4.3.2 presents results of the far wake test case

including the near wake to far wake development.
4.3.1 Near wake case

Contours of the stream-wise velocity at three downstream distances, measured by the short-range WindScanner and simulated
by four models (LES-AL-FLEXS, MIRAS-FLEXS, RANS-AD and Fuga) are depcited in Fig. 12. The measurements and
simulations show four distinct wakes, best visible at /D = 0.5. At this distance, the measurements and Fuga show a stronger
deficit at the bottom rotors compared to the top rotors, which is also visible in the RANS-AD results with a-smaller differences
between the top and bottom rotors. The mixing in the surface layer is a linearly increasing with height in RANS-AD and Fuga,

which increases the mixing of the top rotors compared to the bottom rotors. In the higher fidelity models: LES-AL-FLEXS
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Figure 12. Near wake case: Contours of stream-wise velocity at three downstream distances.

and MIRAS-FLEXS, the inflow turbulence is modeled by Mann turbulence that has a uniform turbulent mixing in the vertical
direction. This could explain why LES-AL-FLEXS and MIRAS-FLEXS, do not show a clear difference in wake deficit between
the bottom and top rotors. Note that all models include a sheared inflow, which can also cause a difference in the wake deficit
between the top and bottom rotors. At /D = 2, the measurements show much lower velocities compared to all four models.
Profiles of the stream-wise velocity normalized by the inflow, at three heights, corresponding to the bottom rotor hub height
(29.04 m), the center reference height (44.27 m) and the top rotor hub height (59.04 m) are plotted in Fig. 13. Results of the
WindScanner and the four models are shown, taken at three downstream distances. It is clear that measured wake-deficit-and
veloeity-velocity in and outside the wake, at the bottom rotor hub height and center height are lower than predicted by all four
models. This suggest that the actual shear and reference wind speed at the 4R-V29 wind turbine could have been different from
what has been measured at the reference met. mast. Unfortunately, it is not possible to determine the freestream conditions from
the WindScanner data because of the limited horizontal extend of the scanned planes. In addition, the atmospheric conditions
of the near wake case measured at the reference met. mast was near neutral, see Tab. 1, which could have increased measured

the wake deficit.
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Figure 13. Near wake case: Profiles of stream-wise velocity at three heights and three downstream distances.
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Figure 14. Near wake case: Profiles of turbulence intensity at three heights and three downstream distances.
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The measurements and all models, except Fuga, show a build up of a traditional double bell shaped near wake profile at the
center height when going downstream, as depicted in Fig. 13. Fuga is based on a linearized RANS approach, which means that
it is designed to describe the far wake properly, while it cannot predict the nonlinear near wake accurately, especially for a high
thrust coefficient, as shown by Ebenhoch et al. (2017). However, the other models yield very similar results.

Profiles of the turbulence intensity I (I = \/m /User) are plotted in Fig. 14 using the same definition as Fig. 13. Only
results of LES-AL-FLEXS, MIRAS-FLEXS and RANS-AD are shown because the WindScanner cannot measure I and Fuga
cannot model I in the wake because it uses a turbulence closure that is unaffected by the wake. Fig. 14 shows that the RANS-
AD has smaller peaks in I with respect to LES-AL-FLEX because an AD model simulates a ring root and tip vortex while an

AL model resolves a (smeared) root and tip vortex per blade.
4.3.2 Far wake case

The results of the far wakes case are plotted in Figs. 15, 16 and 17, which follow the same definition as Figs. 12, 13 and 14,
respectively. In addition, six downstream distances are depicted to show the full downstream development of the 4R-V29 wind
turbine wake. Only measurements of the stream-wise velocity at 2:/D = 5.5 are available. The four individual wakes merge
into a single structure between x/D = 2 and /D = 3 as shown in Figs. 15 and 16. The middle column of Fig. 16 depicts
how a bell shaped near wake structure forms at the center height up to and including /D = 3, while the single wakes at the
bottom and top hub heights cannot be distinguished from each other at this distance. Going further downstream, at /D = 5.5,
the fifth row of plots of Fig. 15 shows that all models capture the measured single wake structure at x/D = 5.5, although the
wake of Fuga has moved downwards compared to the measurements and other models. The magnitude of the wake deficit
at /D = 5.5 is underpredicted by all models, as seen in Fig. 16, where the measured wake at the bottom hub height is also

skewed. The measured wake skewness could be a terrain effect or a results of the 8.2° yaw misalignment, as discussed in Sect.

2.3. In addition, the close proximity of the highway and surrounding trees, as discussed in Sect. 2.3, could have influenced the
measurements of the far wake. Furthermore, we would like to point out that it is challenging to compare the models with a

single 8 minute averaged result of the WindScanner.
The inflow Mann turbulence that is used in LES-AL-FLEXS and MIRAS-FLEXS results in a turbulent kinetic energy profile

that has a higher value near the ground and lower value above the center height compared to the reference turbulent kinetic
energy at the center height. The turbulent kinetic energy profile in the RANS-AD simulations is constant with height. Hence,
the comparison of the RANS-AD simulations with LES-AL-FLEXS5 and MIRAS-FLEXS5 simulations in terms of turbulence
intensity (Fig. 17), at z =29.04 m and z = 59.5 m is not entirely fair. At the center height (z = 29.04), where the ambient
turbulence intensity levels between the models are similar, the turbulence intensity in the far wake is higher in the RANS-
AD simulations compared to LES-AL-FLEXS (about 0.02 at /D = 12, y/D = 0), which has been observed in previously
by van der Laan et al. (2015) for single AD simulations. The largest difference in turbulence intensity between the LES-AL-
FLEXS and MIRAS-FLEXS simulations are found in the near wake for the lowest rotor pair (z = 29.04).
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Figure 15. Far wake case: Contours of stream-wise velocity at three downstream distances.

The presented near and far wake cases show that the models follow the measured trends but the amount of measured data is
not enough to validate the simulations. More wake measurements of the 4R-V29 wind turbine are required in order to perform

a model validation.
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Figure 16. Far wake case: Profiles of stream-wise velocity at three heights and six downstream distances.

4.4 Wake recovery of the 4R-V29 wind turbine

The wake recovery of a multi-rotor wind turbine is very important for placing several multi-rotors together in wind farms.
Therefore, the aim here is to quantify the wake recovery of a multi-rotor wind turbine operating in an atmospheric surface layer
with respect to an equivalent single-rotor wind turbine that has the same rotor area, force distributions, tip speed ratio (TSR) and
total thrust force. In order to do so, a simplify the 4R-V29 wind turbine is used to provide a fair comparison with a equivalent
single-rotor wind turbine can be made. The simplified 4R-V29 wind turbine has a zero toe-out angle, and the force distributions

are defined by prescribed normalized blade force distributions (calculated by Réthoré et al. (2014) employing a detached eddy
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Figure 17. Far wake case: Profiles of turbulence intensity at three heights and six downstream distances.

simulation of the NREL-5SMW rotor for a wind speed of 8 m/s). The blade force distributions are scaled by the hub height
velocity Uy, R, Cr, Cp and the rotational speed (RPM) as discussed by van der Laan et al. (2015). The resulting AD force
distributions are uniform over the azimuth, and the effect of shear on the AD force distributions are neglected. The dimensions
and scaling parameters of the simplified 4R-V29 wind turbine and an equivalent single-rotor wind turbine referred as V58, are
summarized in Tab. 2. The inflow is an atmospheric surface layer, with U, = 7 m/s and three different I..¢: 5%, 10% and

20%, at zyef = 44.27 m. The hub height wind speed for the bottom and top rotor pairs is different for the simplified 4R-V29
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wind turbine due to the shear. In other to model the same total thrust force for the V58 wind turbine, the thrust coefficient of

the V58 is adjusted. The rotational speed is set to assure a TSR of 7.6 for all rotors.

Table 2. Definition of the simplified 4R-V29 multi-rotor wind turbine and an equivalent V58 single-rotor wind turbine for three ambient

turbulence intensities.

Lot Turbine Rotor D [m] zyg[m] Ug[m/s] Cr Cp RPM TSR

5%  4R-V29 simplified R;and Ry  29.2 29.04 6.812 081 046 33.8617 7.6
Rzand Ry  29.2 59.5 7.132 0.81 046 35452 7.6
V58 single-rotor - 58.4 44.27 7.0 0.804 046  17.398 7.6

10% 4R-V29simplified R; and R» 29.2 29.04 6.624 0.81 046 32927 7.6
R3 and Ry 29.2 59.5 7.264 0.81 046 36.107 7.6
V58 single-rotor - 58.4 44.27 7.0 0.799 046 17.398 7.6

20% 4R-V29 simplified R; and R» 29.2 29.04 6.266 0.81 046 31.148 7.6
R3 and Ry 29.2 59.5 7.518 0.81 046 37.373 7.6
V58 single-rotor - 58.4 44.27 7.0 0.792 046 17.398 7.6

Fig. 18 depicts the wake recovery in terms of stream-wise velocity and added turbulence intensity of the simplified 4R-V29
multi-rotor wind turbine and the equivalent V58 single-rotor wind turbine as function of stream-wise distance = normalized by
the single rotor diameter (Deq = 58.4 m) for three turbulence intensities (5%, 10% and 20%). The wake recovery is calculated
as rotor integrated values normalized by the same integral without an AD. Note that four integrals are calculated for the multi-
rotor and summed up for each downstream distance. The left plots of Fig. 18 shows that the wake recovery distance in terms
of stream-wise velocity of a simplified 4R-V29 multi-rotor wind turbine is about 1.03-1.44 D, shorter than the wake recovery
distance of a V58 single-rotor wind turbine, which is a remarkable difference. The largest difference is found for the lowest
ambient turbulence intensities (5%). This suggests that the horizontal area of a wind farm consisting of 4R-V29 wind turbines
positioned in a regular rectangular layout can be reduced compared to a wind farm consisting of V58 wind turbines. The
area could be reduced by 1 — (1 —1.44/s)? and 1 — (1 — 1.03/s)? (for I et = 5% and I et = 20%, respectively), with s as the
horizontal and vertical inter turbine spacing in D.. For example, for s = 8D, the RANS predicted reduction in wind farm
area would be 24-32%, which is a significant reduction in area and hence cost or a potential increase in the power production
by increasing the number of installed turbines in a given area. This result is a rough extrapolation that should be verified by
wind farm simulations of multi-rotor wind turbines.

The right plots of Fig. 18 show that the added wake turbulence is larger for the multi-rotor wind turbine in near wake for
Lief = 5% and Ief = 10% for /Deq < 3 and x/Deq < 2, respectively but is smaller in the far wake with respect to the added
wake turbulence of single-rotor wind turbine. It is not possible to shift the added wake turbulence of the multi-rotor wind

turbine downstream to match the added wake turbulence of the single-rotor wind turbine in the same manner as the wake
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Figure 18. RANS predicted wake recovery of a simplified 4R-V29 multi-rotor wind turbine compared with an equivalent V58 single-rotor
wind turbine for three difference turbulence intensities. Left plot: integrated stream-wise velocity, right plot: integrated added turbulence

intensity. Dashed blue line is the integrated stream-wise velocity of the simplified 4R-V29 wind turbine shifted by 1.03-1.44D.

recovery. The lower wake turbulence in the far wake has the potential to reduce blade fatigue loads that are caused by wake
turbulence.

The increased wake recovery of a multi-rotor wind turbine could be related to the fact that the total thrust force is more
distributed compared to a single-rotor wind turbine. Ghaisas et al. (2018) also obtained a faster wake recovery for a multi-rotor
wind turbine and argued that it is caused by a larger entrainment because the ratio of the rotor perimeter and the rotor swept

area is twice as high for the multi-rotor wind turbine with four rotors.

5 Conclusions

Numerical simulations and field measurements of the Vestas multi-rotor wind turbine (4R-V29) are performed. The simulations
show an increased thrust force and axial induction of the 4R-V29 wind turbine compared to a single rotor. In addition, the

simulations calculate a 0-2% enhanced power performance of the 4R-V29 multi-rotor wind turbine below rated due to the
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interaction of the rotors. The largest gain in power is obtained for a low turbulence intensity that is associated with a low
shear. The relative power gain is the largest for the bottom rotor pair. Power curve measurements of the 4R-V29 wind turbine
also show that the rotor interaction increases the power performance below rated by +:8=46-2%1.8%, which can result in a
1+5+06:2%-1.5% increase in the annual energy production;swhere=+0-2%represents-the standard-error of the-mean.

Two flow cases based on short-range WindScanner wake measurements of the 4R-V29 wind turbine are used to compare the
multi-rotor wake deficit simulated by four numerical models. In the near wake, four distinct wake deficits are visible that merge
into a single structure at a downstream distance of 2 — 3D. More wake measurements are required to validate the numerical
models.

The wake recovery of a simplified 4R-V29 wind turbine is quantified by a comparison of the wake recovery of an equivalent
single-rotor V58 wind turbine. RANS simulations show that the wake recovery distance in terms of stream-wise velocity of
the simplified 4R-V29 wind turbine is 1.03-1.44 D shorter than a the wake recovery distance of the equivalent single-rotor
wind turbine with a rotor diameter Dcq. In addition, it is found that the added wake turbulence of the simplified 4R-V29 wind
turbine is smaller than the equivalent single-rotor V58 wind turbine in the far wake. The fast wake recovery of a multi-rotor

wind turbine can potentially lead to closer spaced wind turbines in multi-rotor wind farms and needs to be further investigated.

Appendix A: Induction correction for the measured reference wind speed for the power curve measurements of the
4R-V29 wind turbine

The measured effect of the rotor interaction on the power production is quantified using the test cycle of Fig. 2, where the
combined power curve of two single rotor operation stages (Stages 1 and 3) is compared with the power curve of a stage where
all four rotors are in operation (Stage 2) . The reference wind speed in these power curve measurements is taken at 5D (146 m)
upstream, as discussed in Sect. 2.2. Since the induction zone of Stage 1 and 3 is smaller than Stage 2, a lower reference wind
speed is measured when all four rotors are in operation. Hence, the power curve of Stage 2 will be shifted towards the left and
an artificial bias towards a power gain due to the rotor interaction would be measured. To avoid this, the reference wind speed

is corrected with a factor f.., when all four rotors are in operation (Stage 2):

1 Stage,1 Stage,3
2 (U ef +U, ef )

T I

Jeor = (A1)

Stage,2
Uref

for each undisturbed wind speed with an interval of 1 m/s. The induction correction factor can only be calculated if the
undisturbed wind speed is known. Therefore, the RANS simulations of Sect. 3.2.2 are used to calculate f.,, and the results are
shown in Fig. A1 for a reference turbulence intensity of 10%. f.., follows the thrust coefficient curve and below rated, where
the thrust coefficient is the highest, the measured reference wind speed for Stage 2 is 0.7% is lower than the reference wind
speed of Stages 1 and 3.

feor 18 also calculated with a simple induction model from Troldborg and Meyer Forsting (2017), that has been developed
to model the induction of a single rotor rotor in a uniform inflow. The simple induction model is only a function of the thrust

coefficient, rotor radius and spatial coordinates. The thrust coefficient of the RANS simulations is used as input. The induction
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zone for Stage 2 is calculated by superposition of the induction of the four individual rotors. Fig. A1 shows, that the induction
of the 4R-V29 wind turbine at x = —5D is underestimated by the simple induction model compared to the RANS simulations,
and should not be used to correct of the reference wind speed of Stage 2. We choose to use the RANS results to correct the
reference wind speed because Meyer Forsting et al. (2017) have shown that RANS-AD simulations compare well with lidar

measurements of the induction zone when measurement uncertainty is included in the validation method.

— RANS
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Figure A1. Induction correction factor for the measured reference wind speed of the 4R-V29 wind turbine.

The influence of the ambient turbulence intensity at a height of 44.27 m on f.., in the RANS simulations is also investigated
for three different turbulence intensities (5%, 10% and 20%). The results are same for a turbulence intensity of 5% and
10%, while the f.o, is slightly higher for a turbulence intensity of 20% (f.o = 1.0073 below rated). Since the power curve
measurements are filtered for a wind direction from the fjord, we expect that the ambient turbulence intensity is lower than

20% and a f.o, based on a turbulence intensity of 10% is justified.

Code and data availability. The numerical results are generated with proprietary software, although the data presented can be made available

by contacting the corresponding author.
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5 Nomenclature

D Rotor diameter of each single rotor of the 4R-V29 wind turbine.

Doy Rotor diameter of an equivalent single rotor wind turbine (D.q = 2D).
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