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Abstract

The world is in a transitional phase, moving from fossil energgources to renewable energy, and
wind energy is a vital part of this transition. In this process there is a development of more efficient
wind turbines, which include new technologies like a multirotor wind turbine (MR). This type of
wind turbine consists of multiple rotors connected to a single support structureWith a multirotor
setupan effectcalled blockageeffectoccurs and itis presentwhen multiple rotors are placed
close to each otherQuestions linked to multirotors is if the cost or weight will be improved in
comparison with the singlerotor. This can lead to simpler transport and installations, which may

impact the future development of wind energy.

In this thesis there has been implemented drag force measurement on a multirotor witbeven
turbines (MR7), four turbines (MR4), andwo singlerotors (SR). With the measurements it is
possible to compare the drag forces on several MR and-S§&stems. In this smaliscale experiment,
the rotors are represented by one or multiple actuator diss. The tests are performed in a towing
tank in the Marin Lab in Western Norway University of Applied Science, and the Migstem is
testedwith different velocities and with several distances between the disc to assess how the total
drag is affected by theinter-rotor diameter. In this thesis it will be investigated if there is an

optimal distance between the discsvhich gives the greatest drag value.
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Sammendrag

Verden str fremfor et grent skifte i energiproduksjonen og vindenergi star sentralt i denne
utviklingen. Denneprosesseninnebaerer at det utvikles nye og mer effektivevindturbiner, og en
multirotor vindturbin (MR) er med pa denne utviklingen Denne typen turbin bestar av flere
rotorer satt sammen veden stgttestruktur for & holde de p& plassMed en multirotor vindturbin
oppstar det en effekt som kallegor blokasje effekten, ogdenne inntreffer nar flere rotorer star
samlet. Spgrsmal knyttet til en multirotor er om det vil gi fordeler pa kostnader og vek i forhold

til en singelrotor. Dette kan fare til enklere frakt og installering, som er med pa a gjare det enklere

& bygge ut mer i fremtiden.

| denne oppgaven er det gjorteksperimenter pa en multirotor med syv turbiner (MR7), fire
turbiner (MR4) og to ulike singelrotorer (SR). Malingeneberegner drag krefter, som er
motstanden somMR-systemet lager Siden dette er esma-skala eksperiment er rotorene erstattet
med aktuator disker. Testen gjennomfgres i en vanntank pamarinlaben paHagskulenpa
Vestlandet og MRsystemet testes pa ulike hastigheterog distanser mellom diskenefor & se
hvordan dragkreftene-gker. Det skal i denne oppgavenundersgkes om det finnes en optimal

distanse mellom diskene som gir den stgrste drag verdien
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1. Introduction

Global warming and climate changeforces the world to think in new coursesfor a sustainable
energy production. The Paris Agreementieveloped byUN containsagoal to limit averageglobal
temperaturesincreasingto more than2° G preferably to 1.5 C, compared to preindustrial levels
[1]. This requires new technology, knowledge, and creative mindso makeatransition from fossil
fuels to renewable energy sourcesAccording totheBP6 O O Offom POAADEF B9 of the world
energy production comes from fossil fuels, 114% from renewable, and the restfrom other
sources, primarily nuclear energy[2]. If the Paris agreementis to befulfilled, the usage offossil
fuels needs to be decrease®ver the last couple ofjears,the public and companies ardaking a
more activeDAOO ET OE A. THiIEndskdpeopietbAing@naré conscious abouglobal
warming, and the necesary actions tocounteract it. One example of this i€quinor, the largest
company in Norway, which hasprimarily beenan oil and gas compangince it was established in
1972.In 2018 they had a name chang&om Statoil to Equinor, to mark the change where they
will be focusing more onrenewable energy sourcesToday they are part of windand solar projects
around the world, suchas the Hywind Scotlandwind park and the Apodi solar plant in Brazil,

marking a change irthe wind [3].

Wind power is on the rise worldwide, and one of the fastesgrowing renewable energy
technologies.The latest data from IRENAan intergovernmental organisation shows that 16% of
renewable comes from wind energy, both onshorand offshore [4]. The growth of wind energy
has increased from 7.5 GW in 1997 to 564 GW by 201§lying a growth of almost 7500%,0r in
other words, 75 times larger.[4] The growth is increasing due to cost reduction in production of
wind turbines, and the key parameters to this reduction are improvements in wid turbine
technology, by enlarging the rotor diameter and hub height to aess more power fran the wind
[5]. Today the larges wind turbine operating is HaliadeX, with a rotor diameter fa 220 meter and
a capacity of 14 MW6] . Meanwhile the largestwind turbine launched is the Vestasv236-15.0MW
swept area[7]. To get an idea of hovbig the rotors arereaching, the modern turbine has reached
the length oftwo football pitches illustrated in Figure 1-1 with a SemensGamesa&l4-222 DDI8].
Next to thesingle rotor from Siemens Gamesa there is an illustration of a multirotor witlseven

rotors.
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Swept area:
39,000 m?

222 meters

Figure 1-1: lllustration of sizecompared tofootball pitchesvs Siemens Gamesa 1222 DDand a
multirotor wind turbine (MR?7)

Wind power has beena usefulenergy source forpeople, in someway, for thousands of yearsin

the early days it was used directly, such as in graining wheat and sailing boats. In later years, with
the rise of electricity, there has beera transition from the more traditional windmills to the
modern wind turbines. Eventhough it is widely accepted by the public to use the term windmill

for all rotors harvesting wind, wind turbine is the correct term for the modern type generating
electricity. The amount of energy harvested from the turbine is dependent of the incoming wind
speed and the swept area of the blades. Over the years the size of the wind turbines has increased
in rotor diameter, tower-height, and power ouput. The increasing diametersize of wind turbines
give new sets of problems, with more complex installation, increasing weight, transportation,

pricing, decommissioningand maintenance.

A solution to the problems stated above is to use a muititor system, composed ofmaller but
more numerous rotors. The multirotor system is an old idea, buthas never had the same success
asthe singlerotor. In recent years, the interest for multrotors seem to increasepecause of the
sheer size the singleotor bladesare reaching With a multirotor system the theoretical power
output is unchanged compared to a singfotor system. With the same swept area and power
coefficient, will this count for the power output on a real multirotor? The downside is that there
are no viable options for multrotor systems on the market today, but there are some prototypes
available for testing purposes.Multirotor in the society may be met with doubt, butpossible
advantages with weight, cost and installaion should be strong arguments for considering

multirotor . Today, an argument against wind turbinesis the noise. Withamultirotor the numbers
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of componentsincreases this leadsto the question ifthe noisewill become a larger obstacl@This
will need further research before a conclusion can be madeThe cost and installationare alsoa
potential advantage but this will need more extersive data for any conclusionDecommissionwill
be more manageabledue to the reduction of blade sizeand themain problem for the offshore
wind turbines is the cost time, and environmental impacts[9]. The large size of the blades
requires heavylift vessels which isexpensive[10], and post decommission is problematic due to

the storageof the blades[11].

There will also be disadvantages with multiotors compared to the singérotor s with the
increased support structure that will cause a greater drag force on the turbine. This has led to
the question: How much does thesupport structure increasethe drag, and is there an optimum
distance between the digsthat will lead to greater power output? This is what this thesis will
focus on, and to answer the questioabove, severakxperiments on different MR-setupsand SR

setupswill be conducted.
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2. Theory

A multirotor wind turbine uses the kinetic energyfrom the wind to extract power.In a smallscale
experiment it is beneficialto observe a simple onedimensional (1D) model of an idealized rotor
as a nonrotati ng actuator disc. This simplification enablesthe smallscale experiment to find the

drag forces workingon a multirotor.

2.1 Extracting energy from wind z 1D momentum theory

Wind is a powerful natural resource that humans have been exploitingfor many years, for
examplewith sailing or windmills. Windmills usedthe wind to drive a millstone mechanically but
today wind turbines are used forgenerating electricity. Wind turbines converts kinetic energy
from wind to electric energy, which can be usedn more distant regions. From the formula for
kinetic energy, the power formula can be arived, which makes it possiblgo calculate the power
extracted from the flow through a wind turbine. To obtain the wind turbine's calculated electric
output, an efficiency codficient, called the power coefficient,must be added to the equation,

formula (1).

174

0 Ps 5 (1)
q

The outgoing wind, in addition toreduced velocity, experience a more turbulent flow than the
incoming, caused by mixing bthe wind passing the turbine. This flow is called a wake flow and
animportant factor to have in mind when dealing with more than one wind turbine such asn a
wind farm. If the wake is not accounted fa, the performance of a downstream turbinecould be
much lower than anticipated Increased fatigue loads on turbine blades have also been observed

in downstream turbines becauseof the more turbulent wake flow[12].
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To calwlate the forces on a multirotor by

lf_'\__
performing a small-scale experiment, 1D ——x —> po

—-
—_—
= e =
momentum theory uses an actuator disc to model——> Streamtube - >
—_— :
aturbine, which will be described in the following —— v T Up
. . . }.};J.u.u......u.l.‘J.J.l....A.u._—-—+.-.n.‘.-.u.u.‘.}jrr :
chapter 2.2. It assumes a frictionless, ——= Actuator disk -
incompressible, and stationary flow aroum the —/ ~— -
e Ug —=
disc. When using this theory, it opens for valuable™ ™ g, anation p
insight to the mechanisms of aturbine, and it Prosuire
predicts thrust and power generated. It describes
the outgoing velocity of wind harvested by a
turbine. As shown in thebottom graph in Figure . Velosity
. . ) D — U
2-1, the pressure spikes just before passing the — U..
disc. Just after passing the disc there is a drop i
pressure. Given time the pressure will return to
normal. It is also apparent that the wind velocity 'y
decreases after passing the disc,due to the o P"L‘-**""L‘___/ P
extraction of kinetic energy. The theory gives a P

theoretical ratio for the most efficient extraction

Figure 2-1: 1D momentum theoryshowing

and through flow. This ratio is called Betz limit , \ !
different forces relative to the actuator disc

from the German physicist Albert Betzandis set
to 16/27 andis approximated to 59%.

2.2 Actuator dis ¢

A modern wind turbine is usually composed of three blades with an aerodynamic shape that
generatesa lifting force. The lifting force setsthe bladesin motion, causing the turbine to sta
rotating. In small-scale experiments, an actuatodisc also called gpermeable disc may be used in
place of the rotating rotor.To clarify, this is a circular plate with holesfor the fluid to pass through.
The permeable disds modelledto have the sane drag coefficientas the rotor it is representing.
This is managed by varying the size of the holes, porosity, and disc thickneEle actuator dis

will simulate a rotor as seenn Feill Fant ikke referansekilden. Feil! Fant ikke referansekilden. .
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Figure 2-2: Rotor represented as an actuator disc

An actuator disc allows the flow to pass throughwhile it is subject to the influence of the surface
forces[13]. The modelis based on the conservation of mass, momentum, and energyhichis the
main components in 1D momentum theoryThe aduator discis considered idealas asimulation
of a rotating rotor becauseit is frictionless and there is no rotaticmal velocity component in the
wake. It also reduces the velocity of the stream, which causes drad.3] To calculate the drag on
the disc ora general body, a dimensionlessdrag coefficient is used. The dragoefficient varies

with different modelsand shapes Thiswill be explained further in chapter2.3.

2.3 Drag force

Drag forces appear in any object movinthrough afluid and can n aerodynamicsbe asresistance.
It is aforce that actsopposite of the relative incoming wind speed andis dependent onthe
aerodynamic qualities of the object. Drag force canbe simplified into two subcategories skin
friction and form drag. Figure 2-3: lllustration of form drag and skin friction shows that the type
of dominating drag force corresponds with the shapeof the object The form drag is very
dependent on the shape of the object, while the skin @iion is mostly affected by theshape of the

boundary layer.
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Shape and flow Form Skin
Drag friction

0% 100%
~10% | ~90%

~90% | ~10%

100% | 0%

Figure 2-3: lllustration of form drag and skin friction.

The equation for dragis linked with the Reynolds number, and makes it possible to scale upftdl
size.In the equation for drag (2) " is the density of the fluid u is the incoming velocityof the fluid,

0 isthe drag coefficientand A is the surface area dghe object facing theincoming fluid.
‘0 g 660 2)

Drag cawsed by the support structure will be the factor that varies in comparison with a
singlerotor. The support structure that will hold the rotors in a MR needsto be strong enough

without being too large.

The drag coefficienf as mentionedearlier, is a dimensionlessfactor that is based on bothform
drag and skin friction. Regularly the Cd is estimated through empiric dafdbecausetivaries with

different shapesand Reynolds numberand will be different for a cylinder and a disc.

2.4 Blockage effect

When rotors are placed close to each other, it occurs a blockage eff@dte blockage effecgives a
lower speed but higher force for a turbine due to the influence ofsurrounding structures or
environment. This can happen in a wind farm or in a tidal rang in shallow water. Thereare three
waysto categorize blockage local, arrayand global blockage. Local focuses on one rotor in a farm,
range, or MRsystem. Array is for the flow through the entire farm.Gobal is for theratio of channel

areato projected area covered by turbinesFor a MR the local blockage will be higher for the
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centre turbine in an MR7, and lower for the surrouding turbines, making it possiblefor its
efficiency to exceed the Betz limif14]. For the global blockage this will not influence the effect
considerablyif the areaoutside of the surrounding turbines isinfinite , because ths will level out
due to the lower efficiency of the outer turbinesThere may be a greatefatigue on the centre
turbine sdue to this effect.The blockage effect isnvestigatedin an article by Nishino and Willden
where they testedto find an optimum spacingbetween the turbinesin a tidal array. By placing
rotors close enoughthere will occur alocal blockagethat slows the velocity. They discovereda

localincrease inBetzdimit due to the blockage,increasingto 0.798.[14]

2.5 Multi rotor Wind turbines

The conceptof a multirotor is that it has the same swept areaas asinglerotor but has adifferent
amount of turbines. With a multirotor wind turbine, you split the swept area intosmaller sections
which add up to the samarea as a singletor ,the number of rotors needed isshown in equation
(3). There are numerous advantages with the multirotor concept, such asreducing costs
installation complexity, and total weight may be influenced byusing smaller and more numerous
turbines. Transportation and maintenance are alspossible advantage points, witlsmaller blades
being easier to transport, andbeing ableto still run parts of the MR during maintenanceThis
leadsto the MRstill generating power, andkeeping a more stable flow of electricity, even during
downtime for some of the r¢ors. Today thereare no competitive multirotor s on the market, but
there are some prototypes.Vestashave built a full scale multirotor inDenmark, with 4 rotors [15],

which is mainly used or research purposes

56 & BB 6 &b B b &I0LO 01 @ QL "Qa Qi € 0. (3)
VOO w oao OO0 W7
D1 B & IQE 0RO Yi Wi 0

The main difference between singletor turbines and multirotor turbines are the number of
rotors per structure. The singlerotor is a large structure with huge blades driving a single
generator. Thismay causeproblems when it becomes too heavy for the structural material to
sustain [9], andis when the multirotor can be a substitute. There are more components in a
multirotor system, but the components are smalleand lighter. In the end this may make the
multirotor setup lighter andwith roughly the same power output.The equation for power output
has one variable that is controlled by the strature, this isthe swept area of the blades. If the swept

area of theturbines is the same, it should not be any loss ithe power output due to having
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multiple rotors. A turbine with four rotors costs approximately 15% less to construct than a

turbine with one rotor, even though the blades cover the same area in tofd6].

2.6 Scaling

When testing a wind turbine, there is a neetb make modelsdue to the huge sizeoff a full-scale
turbine . To complete a smaliscale experimnent the construction needs a scaling factor. If the full
scale wind turbine has a diameter of 200 meters and the test model 0,2 metersetbcaling factor
would be 1000. This is the geometrical scaling and shows a constant difference in sidewever,
different fluids canbe usedto get testingconditions as similar as possible to fullscale To conduct
an experiment with an actuator disc in water compared to a wind turbine in fulkcale, { is

necessary toapply scaling laws that ensureghe similar behaviour.

There are different dimensionless coeffi@nts which can be used as a scaling variable, such as
Froude-, Mach and Reynolds number, and thesemake it possible to use scalingWhen a body
moves through a fluid,the forces that arises is inertia, elasticity, and gravity. These forces are
directly represented by the various terms from the Navierstokes equation. The gravity force is
the forceworking on the fluid, andnot on the body. When testing drag on a lov8peed component

in water, it is possible to compae results with a full-size model by matching Reynolds number.
This coefficient is used because the model is stationary during testindg.d model experiment has
about the same Reynolds number as the fucale application, the model and the fulscale flons
will be dynamically similar. The Reynolds number contains inertia force divided by viscous force

as seernin equation (7).[17]

"0 g”o 55
(4)
‘08 Q1" "D G 6
(5)
Qi GBI G0 i
(6)
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Q8 QEQROQ, |
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(7)

Reynolds numbercan be used in scaling du# being dimensionless. Density, viscosity, velocity,
and area are the components for calculating the Reynolds number. Velocity is the main changing
factor over time. Density, viscosity, and area for the most part static and witiot change after
installation. Most experiments take place in labs without the spacing required to tesull-scale.
For instance the modern wind turbines have breached the200 m diameter mark, which makes
testing inconvenient. By changing the fluid usedni testing to something more dense and less
viscous, gives the opportunity to make the test object smaller, and still ¢fgng around the same

Reynolds number.

Given these circumstances it is simpler to use scalingir has a lower density andviscosty than
water, so by using a smaller area and awWer velocity in water, it is possible to use scaling.
Equation (8) shows the Reynolds number for fulscale Equation (9) showsthe Reynolds number
for full scale in water and equation 10) shows Reynolds nunber for small-scale in water.The
velocity in equation (8) 12 m/s was chosendue to beingstandard rated wind speedamongfull -
scale wind turbines Thesize of the wind turbineis setto 150 m, which is a normalindustrial size,

and a little smaller than thelargestturbines.

QQ 4 ,
pg ¢ #-2p &2 p vor

YQ P8 Fp T N
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3. Method

In this project there will be a theoretical gproach and an experimental part.The theoretical
approach contains calculations for drag, Reynolds number, and drag cfigient, and theseresults
will be compared with results from theexperiments conductedThe results from both approaches
will be placedinto tables or graphsfor an easer comparison between themReynolds number will

from now on be measuredor a single discwith a diameter of 20cm asreference.

3.1 Theoretical approach

The theoretical method is a calculation ofall drag forces on a MRstructure + support. It contains
an excel sheetvith all the componentschosen for calculating the drag fazes in Attachment 1.
The aim for the theoretical approach isto estimate the dragforcesthe MR-system will beexposed
to during the testing. A multirotor should, with the sameconditions, only getslightly higher forces
compared toa singlerotor due to the increasen support structure area. The explanation for this
is that the dragforce equation does not account for any sntlavariables that maydistinguish the
two approaches For instance the blockage effectthe shape of theMR system, and theboundary

conditions are some of thevariables thatthe force equation doesnot differentiate.

The equation and variables for drag in a fluidvere determined to find the theoretical approach
for the drag forces influencing a multirotor. The equationwas derived in chapter 2.3. A thing to
notice is the area of the support structurewill be calculatedas a rectangledue to the crosssection
of the cylinder pipes facingthe incoming fluid. The drag force was calculated for the disand
support structure separately, and multiplied with the corresponding number of discs, and
structures. By summing up the drag for the diss and support structures the result will be a sum
of total drag for the MRsystem, seen in equation (1). The first calculation was the theoretical
drag forcesthat the structures were exposedto. There were calculations foreach model with the

three different distances between the discsandwith different velocities.

0 o 0 (11)

11
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Furthermore it was debated how much of the support structure should be used t@alculatethe
drag forces, since parts othe support structure is set behind the disc and wouldhot be exposed
freely for incoming velocity. For thiscase the whole length of the spport structures was used,
since thevalues and differences arsmall. The values arealsoused for comparison, meaning that
how the values change according to each other aneore important than exact valuesThe length

of the support structures will be discussedmore in chapter5.

There has alsobeen calculated dragorcesfor different MR-systems with only changing numbers
of rotors. A total drag coefficient was also calculately restructuring the formula for drag. For an

estimation of force,the drag coefficient of the actuator discsvas initially set to a value of 0.82
from Karlsen andSeetransexperimentsfrom 2019 [18], because othe matching area of Reynolds
numbers at104-105.

3.2 Experimental method

The experimentwasconducted in theMarin Lab atWestern Norway University of Applied Science
in Bergen.The model was dimensionedby the theoretical forces calculated in the theoretical part.
This was a small-scale experiment determining the drag forcesthat will be compared with the

theoretical results.

3.2.1 Marin Lab

The experimenttook place in the MarinLabwhich consists of a large tak with water and a
carriage that runs over the tank. The tank dimensions are 50 m long, 3 meters wide and 2.2
meters deep andis considered large enough for the MR experiment. The carriage is built like a
rig where different equipment can be fixed or instlled. To run the carriage there is a control

panel connected to a computer where the speed and position can be chosen.

As mentioned, bangingthe fluid can be usedas an action taken to handle scalinguch as
changing thefluid from air to water. The reason why this is possible is described in chapt@r6.
The benefit of using waterfor this experiment was the easy access a water tank,the testing
requires less energy andgeneratesless noisethan in a wind tunnel. Ideally, afull-scaletest
would have been done, but as entioned earlier, the sheer size of modelsnakes it difficult. It
would have been interesting to have the test models in a wintlinnel, to see if the results would

have been any differentThe tank with the rig is shown inFigure 3-1.
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Figure 3-1: Experimental tank at the MarinLabwith the carriage

3.2.2 Model design

In preparation of the experimentseveral MR setups were consideredrom both the report of the
wind energy conference in Corf19],and through abrief creative workshopwith in the group.The
final decision was to use a MRWith a hexagonalstructure, and a MR4 witha squared structure
as shown further down inFigure3-10andFigure3-11. The experiment needed a support structure
to combine the actuator discs, and thestructure usedfor this model is shown asa CADsketchin
Figure 3-2 and Figure 3-3. The support structures are shapedas a hexagon with pipes going into
the centre, and & a square with acrossin the middle. For time and material reasons, itwas not

possible at the given timeo test MRsystems with more than seven diss.
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Figure 3-3: CAD sketch of support structure for MR4

The design includedself-designed plastic joints to connectsupport structure and discsto each
other. For the structure, 10 mm diameter pipes of stainless stee(4401) were assumed to be
strong enough,accordingto the forces that was calculatd in the theoretical approachin chapter
4.1. The plastic joints were designed in Creo and exported asStereolithographyfile, to be used
in the printer Flash Force Adventure 3through the printer program Flash Rint. First there was
made a testmodel in Creowhich was printed, tocheck if theconnector-sizes were adequateA 10
mm test pipe was used to test the tolerance of theonnector, andlater in a destructive test to

check the strength of theoint. The tess were repeatedwith adjusting the cad model,until the
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pipe fit the holes, and the module was tough enough, and ready for productiomhe inside
diameter of the joint connectorsfor the pipeswas set t010.3 mm and the holeto attach the disc
was set to6 mm. To make sure the strength of the 3D part was sustainable the infill wat to
25% and verified by the destructive test.Images of the CADdrawings of the joints are shown

underneathin Figure 3-4 and Figure 3-5. The CAD drawings can be found iAttachment 2 .

Figure 3-4: CAD drawing of connection joints for MR7

Figure 3-5: CAD drawing of connection joints for MR4

3.2.3 Experimental model

The experimental modelfor the MR7involved sevenactuator discs, twelvepipes and six joints for
the sides in the hexagon, and ongoint for the middle. The MR7 wasbuilt with three different
distances between the discs. The chosen distancesre 1.0, 1.1and 1.4 diameter.1.0 diameter
means that there is one diameter from the centdoetween to discsThe MR4model involved four
discs, eight pipes, four outer joints and one centre joinfThe distance between the discs in the MR4
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is 1.1 diameter.All parts for building the MR7 is iown in Figure 3-6, and Figure 3-7 shows the

finished support structure and the actuator disc ready to beassembledtogether.

Figure 3-7: Sructure and actuator dis

The solidity of theactuator disk is calculated by equation (12)using the dimensions of &0 cmactuator

disc, this will make no difference sinceghe 20 cm disc isstructural the same with a scaling factor of 3.
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p @ p TAUWL (12)

Picture of the experimental model,MR7 1.0D is shown inFigure 3-8 from both sides to se& how
the support structure is connected Figure 3-9 shows the MR 1.0Dand the SR60 cm compared

next to each other.

Figure 3-8: MR7 1.0Dtest model
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