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Problem description

The following is a shortened version of the master’s agreement that was written
by the supervisors, describing the master’s project.

Actuator disks are a commonly used substitute for rotating blade wind turbines
because they significantly simplify the system. Actuator disks are employed
in both simulations and experiments. Static actuator disks are both easier
to simulate in the computer and to manufacture en masse for experiments.
However, actuator disks are typically designed to match the drag produced by
a wind turbine, and this does not guarantee the flow fields or instantaneous
phenomena are the same. This has consequences when actuator disks are used
to make predictions for full scale wind farm installations. For instance, an issue
that has recently come to prominence for wind farms is their “blockage effect”
as a whole on the flow entering the farm. In particular, how the presence of the
farm effects the upstream flow. Estimates of these effects with actuator disks
appear to be inconsistent with field measurements. As such, the present project
focuses on performing detailed flow field measurements on the upstream effects
of a wind farm of both rotating wind turbines and static actuator disks.
The following tasks will be completed in this project:

1. Select a suitable actuator disk with matched drag to the rotating turbines.
2. Determine two farm layouts.
3. Create a platform to mount the wind farms to the wind tunnel floor.

4. Prepare the wind tunnel for Particle Image Velocimetry (PIV) measure-
ments.

5. Create and measure two different incoming flows to the wind farm.

6. Measure the flow field immediately upstream of the wind farm and over
the first few turbines for all eight configurations (two types of turbines,
two layouts, two incoming profiles).

7. Repeat the above measurements with the wind farm rotated to a couple
of suitable angles.

8. Convert all PIV images into vector fields and at a minimum compare
first- and second-order statistics across the cases, with consideration of
the impact of the non-rotating wakes on the differences or similarities
between the results.

9. Prepare a final report in journal format detailing the findings of the study.



Due to the COVID-19 situation, laboratory work was suspended at EPT
indefinitely on Thursday 12th March 2020. Therefore, the candidate should not
be penalised for incomplete tasks in the above list, but should retain credit for
completed work towards these. In agreement with recommendations made by
EPT, the following ammendments have been made to the list of proposed tasks
for this Masters project.

1. Report on activities and plans prior to the lab closure on March 12th.

Further to this task, the candidate is requested to follow a revised objective,
which is the data processing and analysis of a previously obtained experimental
data set. This data set contains statistically resolved PIV measurements of a
spinning rotor, and a number of actuator disks of varying design. The following
new tasks are to be considered:

2. Process vector fields and compare first- and second-order statistics across
the cases, with consideration of the impact of the non-rotating wakes on
the differences or similarities between the results.

3. An investigation of Proper Orthogonal Decomposition (POD) as an anal-
ysis method for highlighting the wake dynamics of different cases.

4. Prepare a final report in journal format detailing the findings of the study.



Sammendrag

Planar particle image velocimetry ble gjennomfert oppstrgms og i den neerliggende
vaken til en roterende vindturbinmodell i laboratorieskala og aktuatordisker av
samme dimensjon i en vindtunell. Den innkommende strgmningen hadde et
Reynolds tall i stgrrelsesorden 10*. Aktuatordisker med ulike design og so-
liditeter ble testet, og prosessen med & velge aktuatordisk er vist. Den re-
sulterende luftmotstanden, gjennomsnittlig hastighet og gjennomsnittlig vor-
ticity i vaken til diskene ble sammenlignet med tilsvarende stgrrelser for den
roterende modellen. Den disken med vake som mest ngyaktig gjenskapte vaken
til den roterende modellen ble sa studert i mer detalj. Reynolds stresses ble
sett pa for a fastsla at de gjennomsnittlige karakteristikkene i strgmmningene
sammenfalt. P4 tross av sammenlignbare gjennomsnittsfelt viste en analyse av
instantaneous swirling strength at det var betydelige forskjeller mellom de mo-
mentane fenomenene i strgmningene. Distinkte tip vortices var til stede i vaken
til den roterende modellen, men var fravaerende i vaken til aktuatordisken. I
tillegg var swirl av hgy intensitet til stede direkte nedstrgms for aktuatordisken,
forarsaket av turbulent miksing av strgmningsstraler som passerer gjennom
disken. Tilsvarende fenomen var ikke til stede bak de roterende turbinbladene.
Proper orthogonal decomposition ble brukt for & videre studere de underliggende
fenomenene i de to strgmningene. Ogsa denne analysen viste viktigheten av tip
vortices nar man studerer den roterende modellen og mangelen pa slike distinkte
vortices nar man bruker aktuatordisken. Dermed, pa tross av lignende gjennom-
snittlige karakteristikker, forblir de momentane strukturene i de to strgmningene
ulike.
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ABSTRACT

Planar particle image velocimetry was conducted upstream and in the near-wake of a lab-scale rotating
wind turbine model and actuator disks of the same dimensions in a wind tunnel, at an incoming flow
Reynolds number of the order 10*. Actuator disks with different designs and solidities were tested,
and the process of actuator disk selection is shown. The produced drag, mean velocity and mean vor-
ticity in the wake of the disks were compared to that of the rotating model. The disk whose wake most
closely replicated the wake of the rotating model was then studied in more detail, analyzing mean
Reynolds stresses to determine that the mean characteristics of the flows were similar. However, the
instantaneous swirling strength illustrated that despite similar mean fields, the instantaneous phenom-
ena were significantly different. Distinct tip vortices were present in the wake of the rotating model,
but were absent from the wake of the actuator disk. Furthermore, high intensity swirl was present
directly downstream of the actuator disk, caused by turbulent mixing of jets passing through the disk,
which was not present behind the rotating turbine blades. Proper orthogonal decomposition was used
to further study the underlying phenomena in the two flows, again demonstrating the importance of
tip vortices when studying the rotating model and the lack of such distinct vortices when using the ac-
tuator disk. Hence, despite similar mean characteristics, the instantaneous structures in the two flows

remain distinct.

1. Introduction

Renewable energy now accounts for a third of global
power capacity, and, according to Siemens (2019), wind
power alone may represent one third of the global electric
demand by 2040. Placing wind turbines in wind farms is
the most economic and efficient implementation with respect
to planning, maintenance and use of land and infrastruc-
ture. However, it means that the turbines are permanently
exposed to the wakes caused by upstream rows of turbines,
and hence, Veers et al. (2019) stated that the first grand chal-
lenge in wind energy research today is improved understand-
ing of wind farm flow physics. Porté-Agel et al. (2019) also
described the importance of further developing models for
wind farm wake flow studies and extending these studies to
include factors such as topography, thermal stability and the
role of atmospheric turbulence.

Field tests of wind farms have been and continue to be
carried out (Barthelmie and Jensen, 2010; Smith et al., 2013;
Barthelmie et al., 2015; Zhan et al., 2019, 2020), but such
approaches are expensive, difficult and, by their nature, in-
capable of being completely controlled, unlike lab-scale ex-
periments. Using small-scale models makes it possible to
study wind farms in a wind tunnel. Lab-scale experiments
are thus helpful in providing a deeper understanding of large
scale physics at a range of different conditions, e.g., differ-
ent incoming flow velocities and turbulence levels. Multi-
ple small-scale wind farm experiments have already been
performed (Theunissen et al., 2014; Camp and Cal, 2016;
Bossuyt et al., 2017; Camp and Cal, 2019; Segalini and

*Corresponding author.
B9 jason.hearstentnu.no (R.J. Hearst)
ORCID(S): 0000-0003-2002-8644 (R.J. Hearst)

Dahlberg, 2020), providing new knowledge of wind farm
flows and how to improve wind farm efficiency (Stevens and
Meneveau, 2017). However, the complexity of constructing
and using numerous rotating turbine models is challenging,
which is why, on occasion, simplifications are sought.

The actuator disk is a common simplification of a rotat-
ing blade, horizontal-axis wind turbine, used both in exper-
iments and simulations. The simple structure of a static ac-
tuator disk is easier to simulate than the blades of a moving
rotor, allowing for fewer grid cells, which can have larger
dimensions, and hence allowing for larger time steps. In
turn, the simulations are not as computationally intensive.
Stevens and Meneveau (2014) used actuator disks in simu-
lations to study the effect of wind-input variability on wind
farm power fluctuations. Later, Stevens et al. (2014) used
actuator disks when simulating and studying row alignment
in wind farms. Wu and Porté-Agel (2012) used actuator
disk simulations to study atmospheric turbulence effects on
wind turbine wakes. Work has been done on testing and fur-
ther developing the actuator disk as a simulation tool, and
comparing the simulations to experimental results (Harri-
son et al., 2010; Wu and Porté-Agel, 2011; Martinez Tossas
et al., 2014; Lignarolo et al., 2016a; Simisiroglou et al.,
2017). Static actuator disks are also easier and less costly to
manufacture en masse for use in experiments, and often more
robust than using moving parts. Blackmore et al. (2013)
used actuator disks as a simplification for tidal turbines to
study the effect of turbulence on drag force in a water cur-
rent. Howland et al. (2016) examined the deflection and mor-
phology of wakes behind an actuator disk model of a wind
turbine operating in yawed conditions. Bossuyt et al. (2017)
used actuator disks to model different wind farm layouts to
examine unsteady loading. Theunissen et al. (2014) con-

Helvig et al.: Preprint submitted to Elsevier

Page 1 of 23



A comparison of lab-scale free rotating wind turbines and actuator disks

ducted actuator disk wind farm experiments as a validation,
and possible source of improvement, of the actuator disk as
a computational tool. While the actuator disk is shown to
be a common and convenient simplification, how well ac-
tuator disks replicate the behavior of rotating turbines, and
how much of an influence the actuator disk geometry has, is
still being established.

Actuator disks are typically designed to resemble a spe-
cific rotating wind turbine, by matching the diameter of the
disk with the diameter of the rotor, and by matching the drag
coefficient (sometimes referred to as the "thrust coefficient"
in wind turbine literature). Besides that, there are to date no
standards in terms of actuator disk design and production.
Camp and Cal (2016, 2019), Bossuyt et al. (2017) and Neun-
aber (2018) used designs with a solidity that decreases with
radial coordinate. Aubrun et al. (2013), and later Lignarolo
et al. (2014, 2016b), used fine metal meshes with varying
porosity at the center of the disc and the outer edge. Black-
more et al. (2013) used a pattern of circular, equally sized
holes to maintain approximately uniform porosity across the
radius. Sforza et al. (1981) made their actuator disks from
perforated metal plates, while Pierella and Satran (2010)
used wooden grids, and Myers and Bahaj (2010) used thin
sheets of PVC plastic to create mesh disks. Aubrun et al.
(2019) conducted a round-robin test of actuator disks, com-
paring a mesh disk to a non-uniform disk with radially de-
creasing solidity. They showed that the disks are not overly
comparable, and that the variation across facilities is quite
large. Theunissen and Worboys (2018) examined the effect
of hole topology on the produced drag and near-wake char-
acteristics of actuator disks. With the exception of Aubrun
et al. (2019) and Theunissen and Worboys (2018), few com-
parisons between the different disk design layouts have been
conducted, and when actuator disks are used in experiments,
the process of actuator disk selection is rarely explicit. The
employed disk is simply said to have a certain design, and
to match the two previously mentioned criteria of disk di-
ameter and produced drag. Developing a standard actuator
disk design which produces the desired wake would be both
efficient and practical in order to create uniformity and com-
parability between experiments. In order to do so, however,
more knowledge on the flow field behind actuator disks is
needed.

After creating an actuator disk that matches the diame-
ter and the produced drag, previous studies have examined
the similarity of the flow field behind the actuator disk and
the rotating model. The main question has been whether
the wake can be properly modeled in the absence of the ro-
tational momentum induced by rotating blades (Neunaber,
2018). Aubrun et al. (2013) used hot-wire measurements,
and found that the wake of a rotating model and their porous
disc in a modeled atmospheric boundary layer were indis-
tinguishable at 3D downstream. A comparison at low turbu-
lence inflow was also acceptable. Lignarolo et al. (2016b)
conducted Particle Image Velocimetry (PIV) measurements
on the wakes of both models. They showed that by matching
the diameter and drag coefficient, the energy coefficient, ve-

locity, pressure, enthalpy field and wake expansion matched,
even in the absence of inflow turbulence. However, differ-
ences were found in terms of turbulence intensity and tur-
bulent mixing within their field of view, stretching to 2.18D
downstream, due to the presence of tip vortices behind the
rotating model. They concluded that the wakes are in good
agreement, and suggested the possibility to extend the use
of the actuator disc model into the very near wake, given
that turbulent mixing is correctly represented. Camp and Cal
(2016) found that the mean kinetic energy transport in the far
wake is adequately represented by the actuator disk, however
in the near wake, significant discrepancies exist in the areas
where rotation is a key phenomenon. Additionally, the main
difference in the mean velocity in the near wake was the out-
of-plane component, resulting from the rotation of the ro-
tor, whereas the mean velocity is nearly the same in regions
where rotation is not a critical phenomenon. They do, how-
ever, conclude that the results are encouraging for modelers
who employ the actuator disk model for simulations of wind
farms. Hence, there is a general agreement that the actuator
disk is an adequate simplification in the far wake, and that
there are certain discrepancies in the near wake, especially
in the areas that are strongly affected by rotation when using
a rotating model. However, the compared characteristics are
usually mean flow characteristics. Despite a similarity of the
mean flows, the instantaneous phenomena in the two wakes
might still differ. Current literature examining the instanta-
neous flows and the fundamental structures constituting the
flows is sparse. Camp and Cal (2019) compared a three-
bladed rotating turbine model with an actuator disk using
PIV. They applied snapshot Proper Orthogonal Decompo-
sition (POD) and examined the invariants of the Reynolds
stress anisotropy tensor, discovering discrepancies in the un-
derlying spatial structures and the anisotropic character of
the two wakes. While Camp and Cal (2019) have started to
explore the issues of structural comparability of the wakes of
actuator disks and rotating models, more research is needed
to better understand the differences. By gaining more knowl-
edge on how to improve the actuator disk model, it can be-
come an accurate and simple tool for the industry.

The aim of this work is to examine how comparable a
well matched actuator disk is to a rotating turbine instanta-
neously. The process of actuator disk selection is shown in
detail, in order to determine how different disk designs and
solidities affect the flow field. For all the studied flow char-
acteristics, the full stream-wise 2D plane up to x/D = 3.3 is
examined. This differs from the work of Aubrun et al. (2013)
and Lignarolo et al. (2016b) who studied smaller fields of
view, and Camp and Cal (2019) who conducted their POD
analysis within limited sections of the downstream direction
of their field of view. Further, the actuator disk whose wake
mostly resembles the wake of the rotating model based on
mean flow characteristics is chosen. The instantaneous phe-
nomena and spatial structures in the wake of this actuator
disk are examined and compared to the wake of the rotating
model, in order to determine the potential similarities and
differences of the underlying flow structures.

Helvig et al.: Preprint submitted to Elsevier
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2. Experimental method

2.1. Facility

The experiments were conducted in a closed-loop wind
tunnel that has a 1 m wide and 0.5 m tall test section. The
inflow is uniform, with a maximum velocity of 35 m/s and
a background turbulence intensity of 0.7%. It is the same
facility as used by Skeide et al. (2020).

2.2. Test cases

Small-scale models were used in this study to examine
the characteristics of models that are relevant for wind farm
experiments, as mentioned in the introduction. The rotat-
ing wind turbine models used have two-bladed plastic rotors
connected to a sliding bearing. The same models were used
by Ebenhoch et al. (2017) and Segalini and Dahlberg (2020).
Magnets are placed at the bottom of the tower to facilitate the
mounting. They have a rotor diameter of D = 45 mm and a
hub height of 65 mm.

The actuator disks were designed using SolidWorks and
then 3D printed using an Ultimaker 2+ with PLA. Using
computer-aided design and 3D printing implies that the disk
designs can easily be shared and reproduced. The disks were
designed with a diameter of 45 mm to match the rotating
turbine, and a thickness of 2.5 mm. Two different actua-
tor disks designs were tested. The first has uniform circular
holes, comparable to those actuator disks that consist of a
thin metal grid, as used by Aubrun et al. (2013) and Lig-
narolo et al. (2016b). Hereafter, the disks with this design
will be referred to as Uniform Holes Disks (UHD). The sec-
ond design has trapezoidal holes that increase in size as the
radial coordinate increases, as used by Camp and Cal (2016,
2019). The solidity of these disks decreases with radial co-
ordinate, matching a characteristic of an actual wind turbine.
Disks with this design will be referred to as Nonuniform
Holes Disks (NHD).

For each design, three different solidities were tested:
35%, 40% and 60%. The disks will be denoted UHD and
NHD followed by the number describing their solidity, e.g.
NHD?35 for the 35% solidity disk with the NHD design. Due
to limitations regarding printing thickness, providing low so-
lidities with the UHD design proved problematic. Hence, the
design was slightly changed in the disk with 35% solidity, al-
lowing for the circular holes to also cover the edges of the
disk. It was kept in mind that this resulted in a different disk
circumference, meaning that this disk might not be directly
comparable to the other UHDs. A solid disk was also made
for reference. All the disks can be seen in figure 1.

The actuator disks were designed with a small hole in
the center, in order to connect them to towers. This design
resulted in a large solidity in the center of the disks, which
can represent the nacelle of a wind turbine (Neunaber, 2018).
The tower was designed to match the rotating model’s tower,
and a magnet was placed at the bottom of it.

2.3. Force measurements
Underneath the wind tunnel is a six-component AMTI
BP40060HF 1000 force plate, able to measure the force and

torque components along the x-, y- and z-axes. Here, x is
defined to be in the downstream, longitudinal direction, y is
upwards, and z completes a right-hand frame.

A testrig was constructed to measure the forces, consist-
ing of a 0.5 m long magnetic steel bar that stretched along
the width of the wind tunnel, on top of an aluminum cylin-
der that passed through a small hole in the floor of the tunnel.
The cylinder was then attached to the force plate underneath
the tunnel. The steel bar was lifted about 1 cm above the
floor of the wind tunnel, to avoid any contact with the floor
that could affect the force measurements, and to place the
turbine in a uniform stream. A sketch of the setup, as well
as the defined axes and origin, is shown in figure 2.

Three models were placed on the test rig while conduct-
ing the drag measurements. This was done to ensure that
the drag would be within the load cell range so that slight
changes in solidity would be noticeable. Using three models
also averages out any small differences that might be present
between the models. One model was placed in the center of
the steel bar, at z = 0, and the other two were placed at a
distance of 5D from it, i.e. at z = + 5D.

The drag force in the x-direction was then measured for
five different incoming wind velocities, corresponding to
five different incoming Reynolds numbers Rep, = pU, D/,
where p is the air density and g is the air dynamic viscosity
based on the measured temperature in the wind tunnel, and
U, is the incoming velocity at hub height. Drag measure-
ments were also conducted having only the test rig and three
towers inside the wind tunnel. Each measurement lasted 60 s
with a sampling rate of 1000 Hz. Zero measurements were
conducted before and after every measurement, to account
for potential drift of the force plate. Measurement noise re-
lated to the transducer and the electrical equipment gave rise
to some uncertainty. Nevertheless, the signal-to-noise ratio
improved with the amplitude of the drag force. The lowest
Reynolds number shown in the results was selected based on
where the signal-to-noise ratio of the system became accept-
able. For the Reynolds numbers presented, the uncertainty
in the force measurements ranged from 0.9% to 4%.

2.4. Particle image velocimetry

For the PIV measurements, two LaVision Imager LX
16 megapixel cameras were used, combined with Sigma
180 mm 1:3.5D APO DG Macro lenses. The cameras were
mounted outside of the wind tunnel, next to an acrylic win-
dow. The first and the second camera had their field of
view just upstream and downstream of the turbine rotor, re-
spectively, meaning that the two did not overlap. The first
field of view had a range of —3.01 < x/D < 0.01 and
—1.12 < y/D < 0.92, while the second had a range of
031 < x/D <333 and -091 < y/D < 1.13. Thus, the
near-wake was captured by the second field of view, while
the first field of view could be used to quantify the incom-
ing velocity at hub height and to study the characteristics of
the incoming flow. In some of the presented results, the data
near the upper and lower edge of the field of view has been
left out due to noise arising from particles entering and ex-
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Figure 1: All actuator disk designs and a picture of the rotating model, next to an image of the instantaneous total velocity field
behind the respective disk and the rotating model. (a) UHD35, (b) NHD35, (c) UHD40, (d) NHD40, (e) UHD60, (f) NHD6O,

(g) solid disk and (h) rotating model.

iting the domain.

A Litron Nano L200-15 laser, which is a Nd-YAG dual-
pulse laser with a measured power of 208 mJ, was used to
illuminate the particles. The laser sheet entered the wind
tunnel through an acrylic window in the roof. The particles
were seeded using a Magnum 2500 Hz smoke machine and
the Martin Rush & Thrill Haze Fluid. A LaVision PTU X
programmable timing unit was used to trigger and synchro-
nize the laser and the cameras. In each measurement, 1000
frames were acquired by each camera. Further acquisition
details are provided in table 1.

The recordings were acquired and processed using LaV-
ision Davis 8.4. Background noise was subtracted from the
images by subtracting the minimum value of every pixel over
the entire data set, and then over a filter length of 29 images.
Then, the local mean background intensity was filtered out

Parameter Value Unit
Interframe time 50 us

Acquisition rate 0.86 Hz

Number of samples 1000

Field of view (x x y)  3.02 x2.04 D
Final window size 32x32 pixels
Window overlap 50 %
Vectors (x X y) 307 x 207

Table 1
PIV parameters used in data acquisition and processing.

by subtracting the sliding minimum over 20 pixels. The slid-
ing average was calculated over five pixels using a Gaussian
profile. Image correction was applied to correct for orthog-
onality. The processing was then performed with a window
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Figure 2: Sketch of one rotating turbine model on the test
rig, with the defined axes, (a) from the point of view of the
incoming flow and (b) from the side. The sketch is illustrative
and not necessarily to scale.

size of 96 X 96 pixels and an overlap of 50% for the first pass,
while the final window size was 32 X 32 pixels with an over-
lap of 50%. The resulting uncropped vector field consisted
of 307 x 207 vectors.

2.5. Notation

The following notation is used when discussing the re-
sults. Each instantaneous velocity, corresponding to one
location in one PIV frame, is denoted as u = u + v’ and
v = v+’ for the velocity in the x— and y—directions, respec-
tively, where u’ and v’ corresponds to the fluctuating parts
of the velocity, and u and v is the mean velocity calculated
by taking the mean over all 1000 statistically independent
PIV measurements. The mean total velocity is U= [u,v].
The measurements are conducted in a 2D plane, and hence
the out-of-plane velocity component w is not incorporated
into the present analysis. Each characteristic calculated by
taking the average over all the PIV measurements is denoted
with an overbar.

3. Drag measurements

Since actuator disks are usually designed to match the
drag of a rotating turbine, the first step was to conduct
drag measurements. For each model and at each incoming
Reynolds number, the average drag force over the 60 s mea-
surement was calculated, and the drag resulting from the test
rig and the towers was subtracted. As three models were

1.5¢
= UHD35
1.0 ¥ NHD35
= UHD40
% NHD40

Cp

% % UHD60
NHD60
05| * % Solid

* rRM

0.0 ‘ ‘ ‘ ‘ ‘
2 2.5 3 35 4 4.5

Re x10*
Figure 3: The drag coefficient as a function of incoming
Reynolds number for all turbine models.

used during the drag measurements, the drag force was then
divided by three, arriving at the drag acting on only one disk
or one set of rotating blades. The drag coefficient was cal-
culated as
Cp= 2. (1)
3 pUh A

where A = 7D?/4 is the reference area of the turbine or the
actuator disk. The drag coefficient as a function of Reynolds
number is plotted in figure 3 for all the models.

Lignarolo et al. (2016b) showed drag coefficients as a
function of actuator disk solidity based on the results pre-
sented in six different papers, and concluded that the drag
coefficient decreases approximately linearly with decreasing
solidity. That is also the case for the current measurements.
As expected, the solid disk produces a much higher drag co-
efficient than the rotating model. The drag coefficient of the
solid disk at Rep, = 3 X 10* is omitted from the figure, as
it deviates from the others by more than 42 standard devia-
tions, and is thus regarded as an outlier.

The drag coefficients seem to concentrate around some
mean value, suggesting that the non-dimensional drag is
Reynolds number independent over this range. The aver-
age drag coefficient over the different Reynolds numbers was
calculated, along with the standard deviation, and is pre-
sented in table 2 for the rotating model and the actuator disks
with 35% and 40% solidity. The NHD35 is the best match
compared to the drag coefficient of the rotating model, with
a deviation of 1.8%. It is closely followed by the UHD35,
which has a deviation of 5.3%.

4. Reynolds number dependence of the
velocity field

For the rotating model and both actuator disks with 35%
solidity, PIV measurements were conducted at five differ-
ent incoming Reynolds numbers, relating to five different
incoming flow velocities at hub height, Uj,. This was done
to check whether the normalized velocity in the wake would
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Figure 4: Normalized u velocity downstream of the rotating turbine model, RM, and the NHD35 actuator disk for different

incoming Reynolds numbers.

Disk type Average C;, C,, standard deviation
RM 0.57 0.08
UHD35 0.60 0.05
NHD35 0.56 0.05
UHD40 0.66 0.05
NHD40 0.67 0.06
Table 2

Average C), for the rotating model and the disks with 35% and
40% solidity across measurements taken at different Reynolds
numbers, and the associated standard deviation.

vary as a function of the incoming Reynolds number, since
the non-dimensional drag was Reynolds number indepen-
dent in this regime. The mean velocity field was calcu-
lated and then normalized by Uj,. The stream-wise velocity
component is the dominant component of the total velocity.
Hence, figure 4 depicts the stream-wise velocity component
at five downstream locations for all five incoming Reynolds
numbers, for the rotating model and the NHD35. The first
cross-section is placed shortly behind the end of the model
tower, and the last cross-section is placed close to the end of
the field of view.

For the actuator disk, the normalized velocity profiles
overlap at all the downstream locations. On average, the
standard deviation between the measurements as a percent-
age of the mean value is 2.4% in the entire field of view.
The same analysis was conducted on the UHD35, show-
ing equally good agreement, with the velocity profiles simi-
larly collapsed. Thus, the actuator disks are independent of
Reynolds number within the investigated range.

For the rotating model, the lines illustrating the normal-
ized stream-wise velocity generally follow the same pattern
and largely overlap already at 1D downstream. By 3D down-
stream, the velocity profiles are in very good agreement.
However, it can be seen that the two lowest Reynolds num-

bers produce a slightly different profile 1D downstream, e.g.
behind the nacelle at y/D = 0, implying that the rotating
model’s wake is only Reynolds number independent above
some threshold Reynolds number. Studying the three high-
est Reynolds numbers, starting at Rej, = 3x 10%, an average
standard deviation of 3.3% of the mean value is found.
Based on these results, combined with the drag measure-
ments, Rep, = 1.5 x 10* and Rej, = 2.3 x 10* are outside
the Reynolds number independent regime. Accordingly, the
rest of the PIV measurements were performed at the lowest
Reynolds number within the Reynolds independent regime,
Rep = 3 X 104, in order to limit other detrimental factors,
e.g., the models auto-yawing inadvertently during a test.

5. Mean velocity fields

The velocity in the wake is the first characteristic used
to compare the rotating model with the actuator disks. The

time average total velocity |6| was normalized by using the
incoming velocity U, and is depicted in figure 19 for the ro-
tating model and each actuator disk. The vectors indicate the
magnitude and the direction. A mask has been applied over
the model and to the area affected by shadows and laser re-
flection near the tower. The total velocity up to 1D upstream
of the models is also included in figure 19.

The total velocity upstream of the actuator disks indi-
cates that the incoming flow slows down directly in front of
the disks, and that the slowdown increases in magnitude and
covers a larger area as the solidity of the disks increase. The
slowdown in front of the blades of the rotating model has a
smaller magnitude than what can be seen for the 35% solid-
ity disks, showing that the rotating model imposes less of a
blockage to the incoming flow. Although subtle, this result
has implications for blockage estimates made for wind farms
using either free rotating models or actuator disks, which
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Figure 5: Normalized total velocity fields for (a) UHD35, (b) NHD35, (c) UHDA40, (d) NHDA40, (e) UHD60, (f) NHD60, (g) solid
disk and (h) rotating model.
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have been illustrated to have different blockage effects here.

When studying the wakes, a first observation is that the
UHD design seems to produce a larger velocity deficit com-
pared to the NHD design. Furthermore, the solid actuator
disk can be seen to produce a large recirculation area, due to
the large blockage produced by the bluff body. The UHD60
also induces a large area of reversed flow, and neither are
thus comparable to the rotating model. The remaining actu-
ator disks have a small recirculation area directly behind the
disk, that is only present less than 1D downstream, and thus
only affects the comparability of the disks and the rotating
model in the immediate wake.

It is evident that the solid disk and the disks with 60% so-
lidity have considerable areas of deviation from the rotating
model, which agrees with the drag measurements. Further-
more, the 40% solidity disks deviate more from the rotating
model than the 35% disks, which again agrees with the drag
measurements. UHD35 and NHD35 both show good agree-
ment with the rotating model, with the main difference being
prior to 1D downstream. The two have similar magnitude of
deviation after 1D, however the UHD35 is slightly closer to
the rotating model when averaging the absolute value of the
deviations.

Figure 6 shows the normalized u velocity, being the dom-
inant velocity component, at five different downstream lo-
cations as well as one upstream location. The tip vortices
present at the upper edge of the rotating model’s wake (dis-
tinctly visible in figure 1h and comparable to those found by
Hong et al. (2014)) induce a steep velocity gradient seen at
1D downstream. The gradient then flattens as one moves far-
ther downstream and the tip vortices lose strength. The actu-
ator disks show a smoother transition between the freestream
and the wake at 1D downstream. The velocity variations
in the wake of the actuator disks homogenize quickly com-
pared to the rotating model’s wake. This is because the ac-
tuator disks transfer kinetic energy in the flow into turbu-
lence which quite quickly decays (Batchelor and Townsend,
1947, 1948a,b). Overall, figure 6 indicates that the magni-
tude of the u velocity behind the rotating model coincides
with the magnitude of the u velocity created by both 35%
solidity disks and NHD40 from 1.5D downstream.

6. Vorticity

In order to understand the organization of vortical struc-
tures in the wake of the rotating model and the actuator disks,
the vorticity is examined. The time average out-of-plane vor-
ticity w, was normalized using the incoming flow velocity
U,, and the disk diameter D. Figure 7 shows the normalized
vorticity for each actuator disk and the rotating model. The
solid disk and the disks with 60% solidity create two dis-
tinct areas of high magnitude vorticity, covering large parts
of the wake, and thus differ from the lower solidity disks
which seem to mainly produce vorticity at the upper and
lower edges of the wake. This vorticity seen at the edges
of the wake may be caused by vortices created at the disk
edges or as a result of the interaction between the wake and

the free-stream. Additional vorticity is present directly be-
hind the actuator disks, which is likely caused by the turbu-
lent flow through the holes in the disks, and the interaction of
these flows behind the disks (Ertung et al., 2010; Mazellier
and Vassilicos, 2010).

The rotating model also produces high levels of vorticity
along the upper and lower edges of the wake, as a result of
tip vortices from the rotor blades. The upper line of vorticity
is stronger and preserves its strength for a longer distance
downstream than is the case with the low solidity actuator
disks. However, towards the end of the field of view, this
strong vortex sheet breaks down and the vorticity diffuses.
There is also vorticity present in the center of the wake of the
rotating model, possibly representing the root vortex from
the hub (Lignarolo et al., 2016b).

Once again, the 40% and 35% solidity disks resemble
the rotating turbine the most. In the case of these lower so-
lidity disks, the main difference is seen prior to 1D down-
stream. Downstream of 1D, both 35% solidity disks have
the same magnitude of deviation from the rotating model,
with NHD35 being the closest match downstream of 1.5D.

Going forth, the analysis will be focused on only one ac-
tuator disk. In this case, the wakes of both 35% solidity disks
replicate the wake of the rotating model well. Since NHD35
is a slightly closer match in terms of the drag and the mean
vorticity field, the remaining analysis will focus on NHD35.
The chosen disk is compared to the rotating model for several
mean metrics, in a similar manner to previous actuator disk
studies. However, in this case, in order to gain knowledge
about the underlying mechanisms of the flow, more than just
mean quantities are studied.

The mean vorticity field is a result of instantaneous swirl,
and thus, the instantaneous swirl can provide information
about the flow structures that cause vorticity in the flow.
Swirling strength is defined as the second invariant of the
velocity gradient tensor as described by Jeong and Hus-
sain (1995). Figure 8 shows an image of the instantaneous
swirling strength, signed by vorticity, for the rotating model
and the NHD35. These images are representative of the 1000
PIV measurements that were taken. The main difference be-
tween the two is the strong, distinct swirl seen at the upper
edge of the wake for the rotating model, caused by tip vor-
tices from the rotor blades. The actuator disk also has some
swirl in the upper part of the wake, however it has a sig-
nificantly lower strength than the distinct vortices from the
rotating model, and it resembles the swirl at the lower edge
of the wake and close to the wind tunnel floor. This swirl
may be formed by the roll-up of the shear layer produced
by the presence of the disk. The actuator disk also has high
intensity swirl directly behind the disk, not seen after the ro-
tating model’s blades. As previously mentioned, this swirl is
believed to be caused by the turbulent flow passing through
the holes in the disk and the interaction of the jets behind the
disk.

The important finding here is that even though averaging
of the measurements resulted in similar sheets of vorticity
at the upper edge of the wake, with an average local differ-
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Figure 6: Normalized u velocity at one upstream and five downstream locations for the rotating turbine model and each actuator

disk.

ence of less than 5% in the last half of the field of view, the
instantaneous vortex structures differ. Many previous stud-
ies have used porous style disks which approximately match
the drag and mean fields (Lignarolo et al., 2016b; Camp and
Cal, 2016; Bossuyt et al., 2017). However, as indicated here
when studying the instantaneous fields, the phenomenology
in the flows might still be different.

7. Reynolds stresses

Another mean flow characteristic often examined when
comparing actuator disks and rotating models is the normal
and shear Reynolds stresses. The normal Reynolds stresses
are investigated through the time average turbulence inten-
sity, expressed as the normalized root of the mean 2D turbu-

lent kinetic energy

T——
ks p \/E(u’u’+v’v’)

= , 2
U, U, 2

where /v’ and v'v’ are the mean normal Reynolds stresses
in the stream-wise and wall-normal direction, respectively.
The time average turbulence intensity in the wake of the ro-
tating model and the NHD35 can be seen in figure 9.

The rotating model shows high turbulence intensity at
the upper edge of the wake, stemming from the tip vortices.
Towards the end of the field of view, the tip vortices start to
break down, and the turbulence diffuses. The turbulence in-
tensity at the upper edge of the wake behind the actuator disk
indicates that vortices emerging at the disk edge are present
in close vicinity of the disk, for x/D < 1. However, this tur-
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disk and (h) rotating model.
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Figure 9: Turbulence intensity fields for (a) the rotating model and (b) NHD35.

bulent structure quickly diffuses. The actuator disk shows
a high concentration of turbulence intensity directly behind
the disk, which then slowly diffuses throughout the wake.
This highly turbulent region is likely caused by the turbu-
lent mixing of the jets and the small recirculation zone as
observed in section 5, akin to grid turbulence (Ertunc et al.,
2010). The most evident difference between the two wakes
is in this region shortly behind the disk, less than 1D down-
stream. Downstream of 2D, the average difference between
the two fields is 12%. _

The mean in-plane Reynolds shear stress, u/v’, normal-
ized with the incoming velocity squared, is shown in figure
10a for the rotating model and 10b for NHD35. The shear
stress u'v/ physically represents the vertical flux of momen-
tum, with negative values indicating downward flux and pos-
itive values indicating upward flux. Hence it can be seen that
for both models, the upper part of the wake is dominated
by negative W'V’ and the lower part is dominated by positive
u'v'.

Both the rotating model and NHD35 produce more in-
tense shear stress in the shear layer of the wake, caused by
flow entrainment and mixing. For the actuator disk, an in-
creased intensity of shear stress is observed directly after the
disk, likely caused by the same phenomena that causes in-

2.5 3

creased normal stresses in this area, i.e., the turbulent mixing
of the flow passing through the holes in the disk. The largest
difference between the two flow fields is found in this region,
for x/ D < 1. Figure 11 illustrates the shear stress along three
downstream cross-sections. As can be seen, the differences
between the shear stress produced by the two models dimin-
ishes as one moves farther downstream, and the shear stress
is largely of the same order of magnitude. Thus, the mean
characteristic of Reynolds stresses is comparable between
the static and the rotating model.

8. Proper orthogonal decomposition

As the swirl indicated that the instantaneous phenomena
in the wakes differ between the rotating model and NHD35,
it was decided to look at the spatial modes that make up
the wake, to gain an understanding of the underlying spa-
tial structures in the flows. In order to examine this, POD
was applied. POD was first developed in fluid mechanics by
Lumley (1967). Sirovich (1987) then developed the method
of snapshot POD, where each instantaneous PIV measure-
ment is considered to be a snapshot of the flow. The analy-
sis conducted in this study followed the steps described by
Meyer et al. (2007).

Snapshot POD is used to find the spatial modes of the
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Figure 11: Normalized Reynolds shear stress u/'v’ at three locations downstream of the rotating model and the NHD35.

flow. The mean velocity field is considered to be the zeroth
mode. The analysis then focuses on the fluctuating parts of
the velocity components. The method states that each snap-
shot can be expanded in a series of POD modes. Thus, if v’ "
is a vector containing all the fluctuating «’ and v’ velocities
in snapshot n, [u’ln...u’” " v;‘"l]T, where M is the number

MUl
of positions in the snapshot,

N
v’ = Z a'd'.

i=1
Here, ¢’ are the POD modes, and a;? are the POD coefficients
related to snapshot n, determined by projecting the fluctuat-
ing part of the velocity field onto the POD modes. The anal-
ysis was performed on N = 1000 snapshots for each model.
The modes are ordered by their energy content, with
lower numbered modes having higher energy content than
higher numbered modes. Figure 12 displays the cumulative
energy of the modes for the rotating turbine model and all
the actuator disks. The NHD35 is the actuator disk which
most closely resembles the rotating model in terms of the
magnitude of energy contained in each mode. Additionally,
both the rotating model and the NHD35 seem to have two

especially energetic modes.

3
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Figure 12: Cumulative energy of the modes for all actuator
disks and the rotating model. The inset is zoomed in on the
five most energetic modes, with RM and NHD35 highlighted,
showed in log-log space.

Since 1000 vector fields have been used in making the
modes, 1000 modes would be required to capture all the en-
ergy in the velocity fluctuations. The number of modes re-
quired to capture a certain fraction of the energy can how-
ever provide some indication on the number of modes re-
quired to make a relevant approximation of the fluctuating
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Figure 13: The first u’ velocity mode for (a) the rotating model and (b) NHD35. Only the relative values are of importance.

velocity (van der Kindere and Ganapathisubramani, 2018).
It can be worth noting at this point that all the models re-
quire a relatively large number of modes to capture 50 %
of the energy in the flow, the rotating model requiring 129
modes and the NHD35 requiring 140 modes. This suggest
that even though the few most energetic modes might pro-
vide information about the most energetic structures in each
flow, the flows are not constructed of a few large, energetic
structures. Rather, they seem to be complex flows with large
amounts of local fluctuations, requiring many modes to be
described. It should also be noted that certain portions of
the total energy might result from measurement noise and
other PIV related issues, as discussed by van der Kindere
and Ganapathisubramani (2018).

When high-energy modes are present, these usually rep-
resent periodic, large-scale flow structures. However, the
amount of energy contained in the modes does not imply
anything about the shapes of the modes. Figure 13 and 14
show the first mode of the fluctuating velocity components u’
and v’, respectively, for the rotating turbine and the NHD35.
When examining the modes, the absolute values are insignif-
icant, as each mode is coupled with a relative POD coeffi-
cient when used to reconstruct the fluctuating velocities in a
snapshot. The important factor is the relative values, demon-
strating the length scale and location of the velocity fluctua-
tions that contain a certain fraction of the total energy.

The first mode of the rotating turbine shows high inten-
sity turbulent kinetic energy at the upper and lower edges of
the wake, which seem to represent the kinetic energy in the
tip vortices from the blades. These energetic structures start
right behind the rotor blades and are still visible at the end
of the field of view, but do however seem to decrease in in-
tensity farther downstream. As previously mentioned, Camp
and Cal (2019) studied the POD modes of actuator disks and
rotating models in the xy plane. They found a prominent fea-
ture near the top tip of the wake in the first &’ velocity mode.
However, the tip vortices found behind the rotating model

in figure 13 are more distinct. Additionally, tip vortices can
be observed in the v’ velocity mode in this case. To the au-
thors knowledge, this is the first explicit demonstration of
such distinct tip vortices in the stream-wise xy plane emerg-
ing from the POD modes.

The first mode stemming from the NHD35 also demon-
strates repeating structures in the wake, suggesting a peri-
odic shedding structure is also present for this disk, but with
very different dynamics to that in the wake of the rotating
model. There is high intensity turbulent kinetic energy di-
rectly behind the disk, suggesting high velocity fluctuations
at this location. These fluctuations might be connected to the
turbulent mixing of the flow jets passing through the holes
in the disk.

Comparing the modes of the rotating model and the
NHD35, it is evident that the most energetic structures in the
two flows are fundamentally different. The energetic struc-
tures in the modes of the rotating model are concentrated
around the edges of the wake, whereas for NHD35, the en-
ergetic structures are to a larger extent present in the cen-
ter of the wake. A difference can also be seen in terms of
the length scale of the structures. The rotating model in-
dicates small energetic structures, with the velocity fluctu-
ations quickly changing direction. The actuator disk illus-
trates significantly larger, and thus fewer, structures. As pre-
viously seen in terms of the instantaneous swirling strength,
the tip vortices stemming from the rotating model are ev-
ident, and such strong tip vortices does not appear in the
case of the actuator disk. None of the actuator disks showed
similar behavior as the rotating model when studying their
modes. Hence, together with the work of Camp and Cal
(2019), the underlying differences in the wakes of rotating
models and actuator disks are here indicated.

9. Conclusion

The near wake of a lab-scale rotating wind turbine model
and multiple actuator disks of the same dimensions were
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Figure 14: The first v’ velocity mode for (a) the rotating model and (b) NHD35. Only the relative values are of importance.

studied experimentally in a wind tunnel with PIV. Actuator
disks of two different designs and multiple different solidi-
ties were used. The process of actuator disk selection, which
is often implicit in actuator disk research, is explicitly shown
by presenting the results from drag measurements as well as
the mean velocity and vorticity fields in the wake resulting
from the PIV.

The normalized total velocity in the wake of the rotating
model and each actuator disk was compared, showing that
the high solidity disks had too large blockage, which led to a
significant velocity decrease in the wake. The velocity field
emerging behind the low solidity disks coincided well with
the wake of the rotating model. All actuator disks showed
a recirculation region, however limited to x/D < 1 for the
35% solidity disks.

The out-of-plane vorticity in the wakes was then com-
pared. The rotating model showed increased intensity of
vorticity along the upper edge of the wake, induced by tip
vortices. The actuator disks also showed increased levels
of vorticity along the edges of the wake. The lower solid-
ity disks showed high intensity vorticity directly behind the
disks, induced by turbulent mixing of the flow jets passing
through the holes of the disks.

Overall, both disks with 35% solidity closely replicated
the wake of the rotating turbine, however the NHD35 was
a slightly closer match and was thus studied in further de-
tail. Since the mean vorticity field is a result of instantaneous
swirl, the instantaneous swirling strength signed by vorticity
was studied. It demonstrated that instantaneous tip vortices
were present behind the rotating model, but not behind the
NHD35. Additionally, high intensity switl was seen directly
behind the actuator disk, again assigned to the mixing of the
flow jets through the disk holes.

The mean normal and shear Reynolds stresses of the
NHD35 and the rotating model were comparable. The
difference between the two wakes was limited to the area
x/D < 1.

POD analysis was conducted to analyze the underlying
phenomena of the two flows. It showed how the most en-
ergetic mode for the rotating model represented the upper
and lower tip vortices, which were not present for the actu-
ator disk. The energetic velocity fluctuations differed both
in terms of length scale and location. This implies that the
main structures constituting the two flows are different.

Despite having fairly good agreement between the rotat-
ing model and the actuator disk across many mean parame-
ters, including drag, velocity, vorticity and shear stress, the
modal structure of the flows are still different. The underly-
ing, instantaneous flow phenomena in the near wake of the
actuator disk are thus not representative of a rotating model.

Actuator disks are clearly good for capturing mean flow
properties, but as this study has shown, instantaneous phe-
nomena in the wake are not always well captured. More-
over, the upstream blockage effect of the actuator disks and
rotating turbines differed. Therefore, as actuator disks will
continue to be used, it is important to understand all aspects
of their flow behavior. This will contribute to a better un-
derstanding in studies in which they are employed, and may
also help in the development of different disk designs which
better capture higher order and instantaneous flow features.
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Figure 15: Instantaneous swirling strength signed by vorticity for (a) UHD35, (b) UHD40, (c) NHD40, (d) UHD60 and (e)
NHD60. These images are representative of the 1000 PIV measurements that were taken.

A. Flow fields not included in the paper

The swirling strength, turbulence intensity, Reynolds
shear stress and POD modes were only showed for the rotat-
ing model and NHD?35 in this paper. In the following, these
characteristics are shown for the UHD35, the disks with 40%
solidity and the disks with 60% solidity, as they might be of
interest for others that will be working with actuator disks in
the future. The solid disk is omitted, due to it only being a
reference case.
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Figure 16: Turbulence intensity fields for (a) UHD35, (b) UHD40, (c) NHD40, (d) UHD60 and (e) NHD60.
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Figure 17: Reynolds shear stress fields for (a) UHD35, (b) UHD40, (c) NHD40, (d) UHD60 and (e) NHD60.
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Figure 18: The first u’ velocity mode for (a) UHD35, (b) UHD40, (c) NHD40, (d) UHD60 and (e) NHDG60.
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Figure 19: The first v’ velocity mode for (a) UHD35, (b) UHD40, (c) NHD40, (d) UHD60 and (e) NHD60.
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B. The original project before COVID-19

The objective of this master’s thesis had to be changed
after two months of work, due to the emerging COVID-
19 pandemic that caused the laboratories at NTNU to close
down for students on March 12th. This appendix contains a
short description of the work done previous to March 12th,
and the original plan for the thesis. This appendix is added
as a part of the master’s thesis for completion, however it
will not be a part of the paper that will be submitted to the
Journal of Wind Engineering & Industrial Aerodynamics.

The original project concerned the blockage effect pro-
duced by the presence of a wind farm, slowing down the
incoming flow. This deceleration region immediately up-
wind of a wind farm is often referred to as the induction zone
(Wu and Porté-Agel, 2017), and poses an issue in terms of
wind farm planning that has recently gained attention. The
individual blockage produced by each wind turbine interacts
within a wind farm, so that the velocity field upstream is not
only altered locally for a single turbine, but also on the wind
farm scale (Forsting and Troldborg, 2015). Branlard (2017)
showed, by using a cylindrical vortex wake model and an ac-
tuator disk in simulations, that the wind velocity at a distance
of 2.5D in front of a wind farm may be reduced by 3% com-
pared to the undisturbed wind velocity at the same location.
Hence, the blockage effect has implications for the projected
power output from wind farms, as the farms are planned us-
ing wind velocity measurements that are conducted without
the presence of the not yet build wind farm.

Bleeg et al. (2018) used steady-state RANS simulations
of a wind farm, with actuator disks representing the turbines,
and compared the results to field measurements conducted
at three different wind farms. Both methods showed a slow-
down of the wind velocity upstream of the farm. However,
the estimate of the magnitude of the slowdown using actua-
tor disk simulations appeared to be inconsistent with the field
measurements, and the simulations often underestimated the
deceleration. This gives reason to examine the similarities
and differences of actuator disks and rotating wind turbines
at wind farm scale, focusing on the flow field upstream of
the farms, which has often been omitted in previous stud-
ies. A deeper understanding of how the flow physics differ
is needed to improve the actuator disk model, in order for it
to be an accurate tool in physical experiments and in simu-
lations.

This master’s project initially aimed at presenting flow
field measurements of the upstream effects of wind farms
using both rotating wind turbine models and static actua-
tor disks. Drag measurements and PIV measurements of
a single rotating model and different actuator disk designs
were conducted by the authors at the end of the foregoing
semester. At the beginning of the current semester, the PIV
flow fields were processed and the data was briefly studied,
in order to decide which actuator disk most closely resem-
bled the rotating turbine. This actuator disk and the rotating
model was then going to be used to model wind farms. How-
ever, after the COVID-19 outbreak causing the laboratories
at NTNU to close, the objective of the master’s project was

(a) b)

Figure 20: lllustration of the two wind farm configurations
inside the steel disk, (a) being the aligned grid and (b) being
the staggered grid.

changed to concern these already conducted measurements
of single turbine models, instead of the not yet finished wind
farm measurements.

The original wind farm experiments were to be con-
ducted in a large wind tunnel using PIV. It was decided that
the wind farm would be placed on a thin, circular disk in or-
der for the farm to be rotated in-between measurements. The
wind tunnel in question has a test section that is 2.7 m wide,
and hence, the disk diameter was chosen to be 2.3 m, so that
it would easily fit inside the wind tunnel. The disk was made
out of magnetic steel. Preliminary tests showed that the disk
stayed at rest on the floor of the tunnel without being attached
in any way, despite applying high incoming wind velocities.
It thus proved to be a suitable mounting platform for the wind
farms. After arrival, the disk was polished using methylated
spirit, primed and painted matte black.

Two different wind farm layouts had been planned: one
aligned grid and one staggered grid. Both were symmetrical
and consisted of 69 turbine models. The layouts were opti-
mized as to fit the maximum number of turbines inside the
steel disk while maintaining a distance of 5D between both
the rows and columns of turbines. Additionally, the farm lay-
outs were made so that the front and the back row of the wind
farm consisted of multiple turbines rather than just one, to
make sure that the measured blockage effect stemmed from
the collection of multiple wind turbine models. The wind
farm configurations can be seen in figure 20.

A few more than 69 actuator disks with the chosen design
and solidity were 3D printed in PLA, as well as the equiva-
lent number of towers. Magnets were connected at the base
of the towers in order to mount them to the steel disk. The
towers and the actuator disks were attached to each other
and then spray-painted using matte black paint. The rotating
turbine models were made at KTH in Stockholm, and had
previously been used by Ebenhoch et al. (2017) and Segalini
and Dahlberg (2020). KTH provided more than enough ro-
tating models to make the planned wind farm layouts.

Some work had to be done on the wind tunnel itself in
order to conduct PIV measurements. The windows in the
floor of the wind tunnel were covered using thin plywood
boards painted black, which stretched across the whole width
of the tunnel. A strip of black duct tape was connected to the
front edge of the wooden boards, in order to create a ramp
and thus a smoother passage for the incoming flow. A line
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of trip tape, designed to trip the incoming flow, was placed
at the inlet to the test section. Additionally, an Aluflex bar
was adapted to fit at the inlet of the test section, which would
be used to change the boundary layer profile of the incoming
flow.

A camera stand was built on the outside of the wind tun-
nel and two LaVision Imager LX 16 megapixel cameras were
attached to it. The two cameras would have slightly overlap-
ping fields of view. Most prior studies have focused on the
blockage effect of a single turbine, or of an entire wind farm,
limited to 2-4D upstream (Medici et al., 2011; Forsting et al.,
2016; Branlard, 2017). In this study, the total field of view
would be extended to cover the first two rows of wind tur-
bines in the farm as well as 8-10D upstream. The camera
stand was covered by a lightproof box, with a small hole for
the cameras to look through. The remaining windows on the
walls and on the roof of the wind tunnel had been covered
using black tarp.

A Litron Nano L200-15 laser, as well as the connected
cooling unit, had been placed on top of the wind tunnel roof.
A small mirror and a set of optics were chosen and connected
to the front of the laser, so that the laser would be reflected
down into the tunnel and turn into a thin sheet. The relative
placement of the optics had been adjusted so that the laser
sheet would have its highest intensity around the hub height
of the wind turbine models. A box was created using black
painted plywood and black tarp, which was placed on the
roof of the wind tunnel. The box was made to enclose the
laser, making sure no light escaped, while also having room
for someone to sit inside when adjusting the optics prior to
the experiments.

When the laboratories were closed on March 12th, there
was still some work left to do before the PIV measurements
could be conducted. What lacked was to insert the smoke
machine into the wind tunnel and adjust the seeding medium
and the amount of seeding so that the particles would be de-
tectible for the cameras. The cameras and the camera lenses
then had to be focused, and an appropriate frame separation
time for the programmable timing unit had to be calculated.
These last steps would only have taken a few days. Then, the
experiments were set to begin.

According to the original plan, the wind farm measure-
ments were to be conducted with the steel disk rotated to O,
+14 and +24.5 degrees. Calculations showed that at each of
these angles, one of the turbine models in the front row of
the wind farm would be placed in the center of the width of
the wind tunnel, meaning this model would be covered by
the laser sheet and captured by the cameras. Even though
the steel disk would be rotated, the turbine models would
always be turned to face the incoming flow, so that the lay-
out of the wind farm would change rather than the angle of
the incoming flow relative to the farm. Hence, the block-
age effect resulting from multiple wind farm layouts could
be determined. The measurements were all going to be con-
ducted at a single wind velocity about 10 m/s, to stay within
the Reynolds number independent region while minimizing
other detrimental factors such as the models auto-yawing

during a test. Two different inflow conditions were to be
used: with and without the Aluflex bar changing the incom-
ing flow. Using both the rotating models and the actuator
disks, the two incoming flow conditions, the aligned and the
staggered grid configuration, and the five different rotations
of the steel disk, the resulting measurement data would con-
sist of 40 different cases to be examined.

The PIV measurement data was then supposed to be pro-
cessed in LaVision Davis 8.4, using the settings from the
previous PIV measurements as a starting point when find-
ing a processing method that lead to good correlation values.
When the data had been processed, the plan was to study first
and second order statistics of the flow fields upstream of the
wind farms. Flow characteristics such as velocity, vortic-
ity and Reynolds normal and shear stresses were all to be
analyzed. A quantity of added interest would be how far up-
stream the blockage effect would be noticeable. The main
goal of the analysis would be to quantify the similarities and
differences between the rotating turbine and the actuator disk
in terms of the emerging wind farm blockage effect. Addi-
tionally, it would be possible to examine how different wind
farm layouts and incoming conditions affected the compar-
isons.

Due to the laboratories at NTNU closing, the wind
farm experiments could unfortunately not be conducted this
semester. However, the work that was done will be taken
over by a Ph.D. student, who will conduct the wind farm
measurements as a part of his Ph.D work once the laborato-
ries open back up. As previously mentioned, it was decided
that this master’s project would be changed to rather concern
the already conducted drag and PIV measurements of sin-
gle turbine models. Actuator disks are an efficient and com-
mon simplification, but the method is still being improved.
There is a place for actuator disk studies in the literature,
also without using them to model wind farms. In this case,
there was the opportunity to show the process of actuator
disk selection and to analyze instantaneous phenomena and
fundamental flow structures, which have previously gained
little attention.
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