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Abstract

With the increasing need for more renewable energy, offshore wind energy has been identified

as a critical contributor to help with this increasing demand. However, conventional single

rotor wind turbines face challenges in tackling the increased power generation required by

each unit, with high costs for installation and maintenance of floating offshore installations.

As a result, multirotor wind turbine concepts have emerged as a promising alternative to

single rotor wind turbines. This thesis investigates the wake development for several different

multirotor setups to contribute to the understanding and viability of multirotors. The effect

of inter-rotor spacing, the number of rotors, yawing, additional support structure, and dif-

ferent inflow conditions on the wake development is explored. The wake developments are

investigated utilizing porous discs in a towing tank. The wake velocity components have been

measured with an Acoustic Doppler Velocimeter.

It was found that a multirotor wake has lower initial velocity deficits in the near wake and

a lower turbulence level than a single rotor. Further downstream, however, the wake of

multirotors recovers slower than the single rotor, which has lower velocity deficits in the far

wake. An increase in the disc spacing in the multirotor system is found to decrease the initial

velocity deficit and turbulence produced in the wake. However, compared to the setup’s

increased total diameter, a larger disc spacing showed a faster wake recovery in the far wake.

Furthermore, it was found that an increase in the number of discs results in a lower velocity

deficit and turbulence level in the near wake. However, it led to a higher velocity deficit in the

far wake. These measurements showed the wake-generated turbulence’s importance on the

downstream wake recovery. Exposing a multirotor setup to turbulent inflow, different yaw

configurations, and an additional support structure showed no disadvantages regarding the

wake development for the multirotor.

In conclusion, the wake of multirotors is shown to be strongly dependent on a number of

design parameters. The study highlighted the complex interplay of flow entrainment and

turbulence production at different locations in the wake and its effects on wake recovery in

different downstream regions of the wake. Previous work on power production shows positive

signs for different aspects of multirotor setups. Further work should therefore optimize

multirotor system designs for the wake development and power production together and in a

wind farm context.
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Chapter 1

Introduction

The world faces the pressing challenge of limiting global warming to 1.5 - 2 °C above pre-

industrial levels by 2050, a goal set by the Paris Agreement in 2015 [1]. The global temperature

is already at 1.1 °C above the pre-industrial levels [1], and it has never been more urgent to

lower emissions of greenhouse gases (GHG). The energy sector is responsible for 73.2 % of

GHG emissions, and electricity and heat generation and the transportation sector are major

contributors [2]. These emissions are caused by the use of fossil energy sources. These sectors

have opportunities of replacing fossil energy sources with renewable energy sources. In 2019,

84.3 % of global energy came from fossil fuels, and 11.4 % from renewable energy sources

[3]. Of the renewable energy sources, solar and wind were responsible for 1.1 % and 2.2 %,

respectively [3].

While renewable energy sources should replace fossil energy sources, global energy consump-

tion is increasing. EIA estimated the world’s energy consumption to increase by 50 % from

2018 to 2050 due to an increase in global population and standard of living in the coming

decades [4]. To reduce GHG emissions, limit global warming, and produce enough energy,

increasing the energy production from renewable energy sources like wind, hydro and solar

will be crucial. Solar and wind energy have gained attention recently as the energy sources

with the best outlook for future electricity generation due to their growth potential compared

to other sources like hydropower, and as they are both already established technologies where

the levelized cost of energy has reduced in the past years.

Humans have utilized the kinetic energy of the wind for centuries, from the movement of

ships to creating a rotating axis for the grinding of corn. Today, electricity is created with wind
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turbines through the kinetic energy in the winds. Development of wind turbine projects is

increasing rapidly, and from 2010 to 2020, increased the installed global capacity of wind

turbines by 283 % from 191 GW to 733 GW [5]. Wind turbines will play an important role

in the transition to renewable energy; however, there are obstacles facing the wind energy

industry. Wind turbine farms take up large areas, and with protests from local stakeholders,

the available development areas onshore are limited. Wind turbine farms also compete with

the increasing global population as more houses need to be built and more food produced,

and therefor compete for the available land. To tackle these obstacles, the world looks towards

our vast oceans for offshore wind. Offshore wind can be split into two categories; bottom

fixed and floating. Bottom fixed has been used for decades, while floating wind is an emerging

technology. The advantages bottom fixed has over floating wind are cost and technology gap,

while its disadvantage is limited suitable areas with water depths suitable for bottom fixed

and stakeholder conflicts.

Despite these challenges, companies are now competing for new licensed areas for floating

wind, wanting to prove their new technology concepts. The main stakeholders for offshore

wind are oil and gas fields, fisheries, wildlife, and shipping. The advantages of floating wind

are the flexible placement opportunities to avoid conflict of interest. However, offshore wind

turbines were responsible for just 4.6 %, or 34 GW, of the global installed capacity of wind

energy in 2020 [5]. The higher cost for offshore wind turbines than onshore wind has been a

critical reason for the low offshore wind development. Nevertheless, as the technology gap

is decreasing and governments push for offshore wind, will offshore wind most likely be a

possible option, and the interest is increasing rapidly. Advantages of offshore wind turbines are

stronger and more consistent winds, minor protests from the public, and possible installation

near big cities. Furthermore, as many big cities and populated areas are located close to

the shore, power transportation can be more efficient, and offshore wind will not use the

available land area where the city could expand. All of this leads to the estimate that the

installed offshore wind capacity will increase to approximately 1,000 GW in 2050 with 5 % to

15 % covered by floating wind [6].



1.1. SINGLE ROTOR WIND TURBINES 3

1.1 Single rotor wind turbines

A wind turbine’s power capacity mainly depends on the rotor diameter or the rotor’s swept

area. With time this has led to an increase in turbine size to maximize the energy production

from each turbine, and today the rotor diameter for wind turbines is up to around 200

meters. However, the large swept area leads to high manufacturing and installation costs and

complicated shipment and maintenance of such large turbines. Furthermore, politicians and

the industry are pushing to take wind turbines from onshore to offshore, excelling the need to

tackle these challenges. These challenges are even more significant for offshore floating wind

turbines, as the vast structure will be placed on a floating foundation while handling waves,

currents, and wind forces. The high mass of the turbine will cause several cost increases down

the assembly chain, and the rotor’s mass is the main reason. The mass of a turbine blade is

shown by Jamieson et al. [7] to increase exponentially with the length of the rotor blade. The

swept area increase with the rotor diameter square and the rotor mass increase cubically with

the diameter [7], illustrated in Figure 1.1 with a cube representing one rotor.

Figure 1.1: With turbine rotors illustrated with cubes the mass of one turbine rotor scales
cubically when increasing the swept area. Adding several turbine rotors achieving the same
swept area show 1/3 of the mass. Adapted from [7].

1.2 Multirotor wind turbines

Today, research on multirotor wind turbine systems mainly consists of computational simula-

tions and one full-scale model of a four-rotor multirotor. Published research indicates that

a multirotor wind turbine, compared to a single rotor turbine, would have less weight, less

total aggregated aerodynamic loads, cost reductions, a faster recovering wake [7, 8, 9] and

higher annual power production due to rotor interaction, called the multirotor effect [10].
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Henceforth, a single rotor will be referred to as SR and a multirotor as MR. MR wind turbines

enable to increase the rated power of a turbine system without increasing the rotor diameter

[7, 10] hence reducing the weight per installed capacity. Smaller rotor blades also enable

mass production of rotor blades and parts, driving the production cost down, as well as easier

maintenance, installation, and transportation, compared to an equivalent SR [8]. Jameson

and Branney [8] presented a relationship for the cost of an MR related to an equivalent rated

SR as 1p
n

, where n is the number of rotors in the MR system. The weight advantage for an

MR is clearly illustrated in Figure 1.1 with an SR wind turbine mass represented as the full

cube. With nine smaller cubes representing each rotor in an MR system, the same swept area

is achieved with 1/3 of the weight. Another advantage of MR systems is a possible higher

operational time. For example, if one of four rotors with a combined rated capacity of 20 MW

fails, it would only reduce the capacity to ≈ 3
4 of the rated capacity. If an SR with the same

rated capacity fails, no energy will be produced.

Despite these potential advantages, MR wind turbines have not been vastly explored, even

though the idea was first presented for electricity production in 1932 [11]. There are also some

disadvantages regarding MR systems; more complex tower structure and higher number of

components [11] and little knowledge regarding MR turbine wakes, blockage effects, and MR

turbines operating in wind farm situations. In addition, the wakes of wind turbines in general

and their interaction are a complex subject, and in recent years the wind turbine industry

discovered upstream blockage effects in wind turbine parks, which resulted in lower efficiency

than estimated [12]. This shed light on the importance of understanding how close-standing

turbines affect each other and how the upstream blockages and wakes appear and interact.

Investigations of MR wakes have yet to receive more attention, and the research is still at

an early stage. In 2016, the MR wind turbine demonstrator 4R-V29 was built by Vestas

Wind Energy Systems at DTUs Risø campus [10, 11], seen in Figure 1.2. Although it was

decommissioned after three years, wake measurements and performance data were collected,

providing the possibility to compare computational simulations of its wake with on-site

measurements [11]. Van der Laan et al. [11] performed field measurements and numerical

simulations of the 4R-V29 and compared the data with an equivalent SR. The measurements

and computational results on the 4R-V29 showed increased energy production of up to 1.8 %

and 2 %, respectively. Wake recovery was also compared between the SR and MR with RANS

simulations showing a shorter wake recovery distance for the MR and lower added wake
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turbulence in the far wake. The faster recovery and lower added turbulence by MR turbines

could allow closer spaced wind turbines in an MR wind farm.

Figure 1.2: The Vestas 4R-V29 multirotor wind turbine. From [11].

Ghaisas et al. [13] performed large-eddy simulations (LES) of MR turbines with four rotors,

comparing the wake of the MR with 1d inter-rotor spacing, where d is the diameter of one

rotor, with an equivalent SR turbine. Their LES showed multirotor wakes recovering faster

than single rotor turbines and with less added turbulence, which was confirmed by van

der Laan et al. [11] with the MR demonstrator. The effect of inter-rotor spacing was also

investigated. Their results showed no significant changes or differences when changing

the rotor spacing. However, these results where investigated with unrealistically large rotor

spacings [9, 10].

Bastankhah and Abkar [9] further investigated wakes behind different MR turbines with LES.

They also concluded that the wake recovered faster behind an MR wind turbine than an SR

turbine. Furthermore, Bastankhah and Abkar [9] investigated the effect of rotor spacing, the

number of rotors, rotor size, and rotation, showcasing how these parameters affect the MR

wake. The turbine-induced forces were generated using the rotating actuator-disc model.

Nishino and Willden [14] explored the efficiency of an array of tidal turbines in a wide chan-

nel, deriving mathematical models for blockage, thrust- and power coefficients for these

turbines, which depended on the intra-spacing between the turbines and the channel width.
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A relationship for the maximum power coefficient for an array of turbines blocking a small

part of an infinite wide channel indicated a new theoretical maximum efficiency limiting

value at 0.798. This maximum efficiency is higher than the maximum theoretical efficiency

for a single turbine, the Betz limit. Their theoretical findings could indicate that turbines or

rotors operating near each other can exceed the Betz limit, or at least a higher efficiency than

stand-alone SR wind turbines could, due to blockage effects. If these theoretical findings

apply to the physical world is uncertain; however, this could be beneficial for MR system

(MRS) concepts.

The latest new development regarding MR wind turbine systems is Wind Catching Systems’

floating Wind Catcher with over 100 rotors placed in a 300-meter-high rectangular frame [15],

seen in Figure 1.3. The technology is still conceptual, but it shows one possibility with MRS.

Wind Catching Systems plans to build a first onshore demo with seven rotors before moving

forward with an offshore demonstrator.

Figure 1.3: Multirotor concept by Wind Catching Systems. Picture reproduced under kind
permission from Wind Catching Systems [15].
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1.3 Aim of thesis

In this thesis, the wake behind different multirotor configurations/setups will be experimen-

tally investigated in MarinLab (See Figure 1.4). The aim is to research the wakes of several

setups with physical measurements, providing further understanding of multirotor wakes.

Furthermore, the effect of rotor spacing, the number of discs, yawing, and an added support

structure on the wake development will be investigated. In addition, the influence of laminar

or turbulent incoming flow will be explored.

With the previous work on both multirotors and experimental investigations in MarinLab, the

obtained results would hopefully provide new information on multirotor setups and methods

for experimental investigations. The experimental model measurement could later be used to

compare future computational fluid dynamic simulations to validate software and multirotor

wake predictions.

Figure 1.4: A multirotor setup with seven actuator discs submerged in the towing tank at
MarinLab.
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Chapter 2

Theory

2.1 One-dimensional momentum theory

2.1.1 Idealized single rotor

Wind turbines utilize the wind’s kinetic energy, transforming it into mechanical energy that is

further converted to electrical energy. The kinetic energy available in the wind depends on

the wind velocity, Uo, over a given area, which for a turbine is the swept area, A. The kinetic

power available over a wind turbine is given by [16]:

Pwi nd = 1

2
ρai r AU 3

o = E

t
(2.1)

where ρai r is air density, E is energy and t is time. However, a wind turbine can not harvest all

the available wind energy as that require the wind velocity to be reduced to zero behind the

turbine, and this is not possible. This is explained by the one-dimensional momentum theory.

Therefore, a power coefficient, Cp, is defined. Cp is the ratio between the wind turbine’s power

generation and the available energy in the wind. From the one-dimensional momentum

theory a theoretical maximum power coefficient, Cp,max, called the Betz-limit exist.

For a simple examination of an SR wind turbine wake, the one-dimensional momentum

theory can be utilized if the wind turbine rotor is regarded as an ideal actuator disc. Use of

the ideal actuator disc model follows the following assumptions[16, 17]:

• Ideal fluid flow, meaning the flow is incompressible, has negligible viscosity, and is

homogeneous.
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• The flow outside the disc stream tube is not affected by other forces.

• The disc is non-rotating.

• The disc is permeable.

The one-dimensional momentum theory is derived from the conservation of mass and energy.

In Figure 2.1 the streamlines over the rotor as a result of the one-dimensional momentum

theory is illustrated. The velocity curve in Figure 2.1 emphasis that the wind velocity far

upstream, U0, also called the incoming velocity, slows down to the wind velocity over the rotor

plane, ud, and further decreases to a the wake velocity, uw. The reduction is caused by the

pressure drop over the rotor as seen in the pressure curve in Figure 2.1 created by the thrust

force of the turbine, which also make the streamlines expand. Using the assumptions of the

one-dimensional momentum theory and an ideal actuator disc, relationships between the

thrust, T, and shaft power, P, can be derived by the velocities along the streamline.

Figure 2.1: Streamlines passing an idealized actuator or turbine affecting the up- and down-
stream velocity and pressure in the flow. Adapted from [16].

The thrust caused by pressure drop over the rotor is derived from:

T =∆p A (2.2)

where ∆p = p+
d −p−

d and is the pressure difference between just before and after the rotor.

Another idealized assumption for the one-dimensional momentum theory is stationary,
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incompressible, and frictionless flow. These assumptions validate Bernoulli’s equation for the

stream upstream, around the rotor, and downstream in the wake. From Bernoulli’s equation,

an expression for ∆p can be derived as [16]:

∆p = 0.5ρ(U 2
0 −u2

w ) (2.3)

Figure 2.2: Conservation of mass in a control volume (CV). Adapted from [16].

With the simplified assumptions for an ideal rotor the axial momentum equation on integral

form can be applied on a cylindrical control volume, seen in Figure 2.2, derives the following

equation [16]:

ρu2
w A1 +ρU 2

0 (Acv − A1)+ṁsi deU0 −ρU 2
0 Acv =−T (2.4)

ṁout is the flow of mass out of the control volume and can be derived from the conservation

of mass:

ṁsi de = ρA1(U0 −uw ) (2.5)

Conservation of mass also yield a relationship between A and A1 as:

ρud A = ρuw A1 (2.6)

Combining these three equations T becomes:

T = ρud A(U0 −uw ) (2.7)

T can then be replaced with equation 2.2 where equation 2.3 replace ∆p in equation 2.2,

which gives:

0.5ρ(U 2
0 −u2

w )A = ρud A(U0 −uw ) (2.8)
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which solved for ud gives:

ud = 0.5(U0 +uw ) (2.9)

Equation 2.9 show that the wind velocity over the rotor is the mean of the initial (far upstream)

wind velocity, U0, and the wake velocity uw . uw is defined as the lowest velocity, or the

highest velocity deficit, in the wake behind the turbine. The highest velocity deficit occurs

immediately behind the turbine. Further downstream, the wake velocity will recover and

ultimately achieve the initial stream velocity. The one-dimensional momentum theory does

not take this fact into account.

2.1.2 Power and induction factor

As the flow is frictionless in the one-dimensional momentum theory, there is no energy loss

from in to out in the stream. Therefore the ideal turbine power, Pt , is given by [16]:

Pt = ρud A

(
1

2
U 2

0 + po

ρ
− 1

2
u2

w − po

ρ

)
= 1

2
ρud A(U 2

0 −u2
w ) (2.10)

The power coefficient, Cp , is used for easy comparison of different wind turbines. This

dimensionless coefficient is defined as:

Cp = Pt

Pwi nd
(2.11)

By inserting equation 2.10 for Pt with with equation 2.9 for ud , and 2.1 for Pwi nd the expression

becomes[16]:

Cp = 1

2
(1+b)(1−b2) = 4a(1−a)2 (2.12)

where:

a = (1−b)/2 = 1− ud

U0
(2.13)

which is called the axial induction factor, and where:

b = uw

U0
(2.14)

From these relationships between a and the streamwise velocities we get the following expres-
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sions:

ud = (1−a)U0 (2.15)

uw = (1−2a)U0 (2.16)

Similarly a thrust coefficient, CT , can be defined as [16]:

CT = T

0.5ρU 2
0 A

(2.17)

which may be written as:

CT = 4a(1−a) (2.18)

2.1.3 Multirotor turbines

The one-dimensional momentum theory and the axial induction factor are based on one

single disc in a stream resulting in no limitations for streamline expansion. However, when

discs or turbines are placed close to each other, these theoretical models of looking at each

turbine as isolated cases are not valid. In 2018, Bleeg et al. [12] discovered this when they

compared estimations of power production from before the installation and actual energy

production from after the installation of turbines at three wind farm sites. And the stream

velocity was measured to be lower than estimated. Through RANS (Reynold-Averaged Navier

Stokes) simulations, they concluded this occurred due to wind-farm-scale blockage. These

blockage effects led to lower energy production by the front row turbines than the estimated

prediction. The turbines produced less energy than if each wind turbine operated in isolation.

These findings can indirectly be connected to MR wind turbines as they consist of different

rotors working in the same stream. However, MR turbines’ rotors are relatively closer to each

other than SR turbines in a wind farm. Bleeg et al.’s findings confirm that objects in the same

stream will be influenced by each other, making the one-dimensional momentum theory

unfit to predict a multirotor turbine.

Nishino and Willden [14] investigated the efficiency of an array of tidal turbines partially block-

ing a wide channel with a new theoretical model using conservation of mass, momentum,

and energy. They concluded that for a shallow channel cross-section where turbines block

a small portion of the channel width, there is an optimal spacing between the turbines to

maximize the efficiency of the combined array. It was suggested that local blockage increase
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the efficiency as the spacing is reduced to an optimal distance, but a further reduction in

the spacing decreased the efficiency. Their model also confirmed that another theoretical

approximation than the one-dimensional momentum theory is needed when turbines are

located close to each other.

2.2 Wake theory

2.2.1 Single rotor wake

The wake behind a wind turbine is divided into the near and far wake [18]. In Figure 2.3 the

wake development of an SR wind turbine is illustrated seen from above. The near wake is

defined from the region immediately after the rotor up to approximately two rotor diameters

behind it. The far wake continues from the end of the near wake and further downstream.

Generally, the wake development can be described with the initial wind velocity, ū0 approach-

ing the rotor and over the rotor will a velocity deficit, ∆ū, occur. Further downstream in the

far wake, the wake velocity, ū, will eventually recover.

Figure 2.3: Illustration of the wake velocity from a wind turbine in the three regions of flow;
induction region, near wake and far wake. Adapted from [19].

In the near wake, the presence of the turbine with its number of blades, the blades shape,

and the tip vortices are evident and do determine the flow field appearance [18, 20]. The tip

vortices at the tip of the rotor blade are caused by a pressure difference between the upper

and lower sides of the blades [20]. The vortices move downstream in an expanding helical

path and are highly turbulent, and play an essential role in the wake recovery and mixing
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further downstream as the freestream fluids (flow outside the wake) are transported into the

wake and mixed with the wake flow.

As explained by the one-dimensional momentum theory, the streamwise velocity of the fluid

decreases when facing the blockage/drag set up by the turbine. Due to the pressure drop in

the stream over the rotor, the lowest average velocity, ∆ū, occurs just behind the turbine, as

Figure 2.3 illustrates. The fluid inside and outside of the wake has different velocities, resulting

in a shear layer [20]. In this shear layer, turbulent eddies are also created. The eddies from the

shear layer and the vortices eventually mix the fluid particles, and the wake velocity recover.

The region beyond the near wake is defined as the far wake [19]. The actual rotor properties

and movement do not play an essential part in the far wake development as the tip vortices

have dissolved. What does matter in the far wake is the turbine in the flow [18]. Therefore

is a porous disc suitable for far wake investigation and can be comparable with a rotating

turbine [9, 21]. In the far wake, the focus is the wake model, wake interference, and wake

turbulence. A downstream SR turbine can be placed 5 to 12 rotor diameters downstream

[9, 22] depending on several conditions. The downstream turbine will operate in the far

wake region of the upstream turbines in wind farm. Therefore, understanding the far wake

is crucial for the placement of wind turbines in a wind farm. In the far wake, turbulent flow

generated by the upstream turbine is evident. Higher turbulence level will lead to greater loads

on downstream turbines, resulting in a shorter lifetime and higher maintenance costs. An

unideal placement could significantly reduce the combined power output of a wind farm. The

desired characteristic of the far wake is a low turbulent high-velocity flow for an optimal wind

farm operation. For a downstream turbine to operate under good conditions are turbines

often spaced by long distances. As mentioned in the introduction, research shows that MR

wind turbines have a faster wake recovery, i.e., meaning the velocity and turbulence in the far

wake region recover towards the initial wind conditions earlier than an SR wind turbine [8, 9].

2.2.2 Multirotor wake

From measurements [11], and computational simulations [13, 9], it is concluded that an MR

create individual wakes in the near wake. The interaction of these near wakes is complicated

to simulate.Oon-site measurements suggest that the rotor interaction, causing the MR effect,

is beneficial for the wake recovery [11] and higher energy production. MR parameters such as
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the number of rotors, inter-rotor spacing, and rotor diameter will affect the velocity deficit

and turbulence in the near wake, setting the initial conditions for the wake recovery [9]. The

highest velocity deficit occurs in the near wake for both SR and MR turbines but MR turbines

reaches the highest velocity deficit faster [9]. As a rotating turbine creates tip vortices which

move in a helical path downstream many tip vortices will be created in the near wake for MRs,

these vortices are believed to early interact and dissolve. High-velocity jets through the space

between the rotors in the MRS are also believed to be major contributors to the MRs having

lower velocity deficit and reaching the highest velocity deficit earlier than SRs. In the near

wake, the wake velocity starts gaining velocity after the wake reaches pressure equilibrium

and MR turbines are suggested to reach this pressure equilibrium earlier than SR turbines

[9, 13].

In the far wake region of an MR, the wake formation transition from rotor individual wakes

to one uniform wake [9, 11]. The LES results by Bastankhah and Abkar indicated that when

the MR wake form one uniform wake is the velocity recovery rate reduced. In the far wake

the LES generally showed no difference in the velocity deficits between SR and MRs but a

bit higher turbulence level for the SR. The effect of rotor spacing and the number of rotors

in an MRS were also investigated with the computational model. Increased rotor spacing

gave a faster wake recovery and lower velocity deficits. A higher number of rotors gave lower

velocity deficits between 2D and 6D, but the rate of wake recovery in this region was lower

with a higher number of rotors [9]. From 6D and downstream, the different number of rotors

in an MRS did not result in different wakes [9]. At a downstream distance of 12D, the velocity

deficit of an SR was similar to all the MRS, no matter the rotor spacing or number of rotors.

A topic regarding wake comparison is the definition of downstream distance. Bastankhah

and Abkar define the streamwise direction as x/D , where D is the diameter of an SR [9]. The

diameter of the SR is then used to define the diameter, d, of the, compared MR by

d = Dp
n

(2.19)

where n is the number of rotors. This relationship achieves the same swept area and is

important when comparing the energy production. As an MR often have a distance between

its rotors, it has a total diameter larger than the SR, called D tot . Bastankhah and Abkar further

use the D of an equivalent SR when comparing the downstream development of an MR with
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different rotor spacing, without considering that the rotor spacing increase the total diameter

of the turbine. The results can be significantly different if the wakes are compared with

D or D tot . The definition question has no right or wrong answer as it depends on what is

investigated and if it is a direct comparison of a single MR units or in a wind farm context.

2.2.3 Turbulence

Two types of flow have been shown to exist; laminar and turbulent flow. In a laminar flow are

the particles retaining their same relative position in a highly organized manner [23]. Turbu-

lent flow is chaotic, and the particles have irregular unorganized motion [23]. Turbulence is

naturally present in the ABL due to shear drag, surface drag, obstacles, and heat and moisture

differences. For turbines are the condition of the incoming flow relevant. For the turbine

structure, a higher turbulent flow will lead to fatigue loads, which affects a turbine’s lifetime.

Incoming turbulence does also affect the turbine wake development. Higher turbulence

leads to higher mixing between the wake and surrounding flow and thus leads to faster wake

recovery [10]. Bastankhah and Abkar [9] suggested that higher incoming turbulence might

reduce the distance for an MR wake to transition from individual wakes to one single wake.

Wake turbulence consists of the inflow condition and rotor added turbulence. The rotor

added turbulence is the turbulence added to the ambient inflow turbulence by the rotor. The

wake turbulence can be presented as turbulent kinetic energy (tke) or turbulence intensity

(TI). The turbulence is accessed over a time series with N measurement samples. The tke is

given by the following equation:

tke = 1

2

((
u′

x

)2 +
(
u′

y

)2 +
(
u′

z

)2
) [

m2

s2

]
(2.20)

where u′
j for each individual component is defined as:

u′
j =

√√√√ 1

N

N∑
i=1

(u′
i )2

[m

s

]
(2.21)

u′
i is the measurement fluctuation from the mean velocity of the measurement series, umean ,

for each velocity component. Since the instantaneous values of tke can vary dramatically over

a measurement series, is it helpful to use the mean to represent the overall flow better.
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The TI is given by equation:

T I = ur ms

U
[−] or T I = ur ms

U
·100 [%] (2.22)

where ur ms is the root-mean-square of the velocity fluctuation of the measurement series

and given by:

ur ms =
√

1

3

((
u′

x

)2 +
(
u′

y

)2 +
(
u′

z

)2
) [m

s

]
(2.23)

and U :

U =
√

U 2
x,mean +U 2

y,mean +U 2
z,mean

[m

s

]
(2.24)

where the U j ,mean are the mean velocities of the three velocity components in the flow.

Computational models indicate that an MR generates lower added turbulence in the far wake

with respect to an equivalent SR [9, 11]. Lower turbulence has also been observed for all

downstream distances for an MR. However, this model used very large disc spacings [13].

The lower turbulence generated by MRs could benefit wind farm situations, leading to lower

fatigue loads for downstream turbines.

2.2.4 Blockage

Blockage, or the blockage effect, is caused by objects blocking the path of the particles in a

flow. The blockage leads to a reduction in velocity for particles approaching the objects. The

one-dimension momentum theory describes this in Sec 2.1 for a single ideal disc. However,

for a tidal turbine in a finite channel Garrett and Cummins [24] suggest that channel blockage

occurs due to the channel wall boundary limiting the wake expansion, making the one-

dimensional momentum theory invalid.

Bleeg et al. observed that the first array of turbines in a wind farm experienced blockage effects

from the side-by-side turbines and the downstream turbines, which resulted in a decrease

in the incoming velocity [12]. The side-by-side turbines evidently increase the blockage

effect and lower the incoming velocity, reducing annual energy production compared to

these turbines working in isolation. The annual energy production was estimated from the

wakes-only approach where only the downstream wakes are assessed, leading to wrong energy

production estimates [12]. For an array of turbines will also the middle turbines experience a

lower velocity than the turbines on the edges, meaning the blockage effect is higher in the
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middle of an array [12]. These effects were confirmed by Bjørnsen [25] with an experimental

investigation of an array of three porous discs with varying disc spacing.

A link between the one-dimensional momentum theory, channel blockage, and blockage for

an array of turbines is presented in Figure 2.4. For an array of turbines, the side turbines have

a wider wake expansion than the middle turbine [25]. This expansion is explained by the

channel blockage created by the side wakes, leading to a higher velocity deficit upstream of

the middle turbine than if the middle turbine was placed in isolation. The side wakes only

experience channel blockage from the middle wake making a wider wake expansion possible,

which results in a lower velocity deficit, although higher than for an isolated turbine.

Figure 2.4: Illustration of blockage effect in a array of discs/turbines linked to the one-
dimensional momentum theory and channel blockage [12, 24, 25].

Nishino and Willden [14] investigated an array of tidal turbines and discovered that theoret-

ically could the local blockage effect increase the power coefficient for the array above the

theoretical Betz limit with a new theoretical limiting power coefficient of 0.798. The local

blockage is defined as the rptor area devided by the local square cross-sectional passage

area surrounding the rotor. Further, they concluded that the power coefficient would solely

depend on the local blockage for the rotors when placed in infinitely wide channel. Reducing

the turbine spacing leads to a higher power coefficient up to a certain distance, where further
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spacing reduction reduces the power coefficient. This concludes that optimal turbine spacing

exists for achieving a higher power coefficient.

Bjørnsen [25] investigated these blockage effects on an array of three porous discs experi-

mentally varying the disc center spacing 1d, 2d and 4d, where d is the disc diameter. Velocity

measurement of the upstream blockage at x/d =−0.4 and x/d =−1.0 for 1d center spacing

showed that the incoming flow experience the discs as one uniform blockage forming a

Gaussian-shaped velocity profile at x/d =−1.0 but at x/d =−0.4 did the velocity profile have

one global extreme point for the middle disc and two local extreme points for the side discs.

For the downstream wake were three unique wakes observed in the near wake x/d ≤ 1.0 and

one single wake further downstream. These unique wakes show that high-velocity jets are

present between the discs even with zero spacing between the edges. Increasing the disc

separation led to more isolated blockage effects and wakes for each disc, faster wake recovery,

and higher velocity jets between the discs.

Relating the findings of Bleeg et al. and Nishino and Willden to MR turbines suggests that an

optimal rotor spacing exists to achieve the maximum power coefficient related to the local

blockage. Bjørnsens results indicate that high velocity jets will be present in an MRS effecting

the wake recovery positively.

2.2.5 Wake steering of multirotor wind turbines

Wake steering is a technique with SR wind turbines by controlling the yaw of the rotor, leading,

or deflecting the wake away from downstream wind turbines. Yawing is also the mechanism

for turning the turbine with the changing winds, and yawing of MR turbines is an issue of its

own. Henceforth, yawing will be related to the wake steering of MR turbines. Yawing lead to a

loss in the turbine’s power output, but it can increase the overall annual production for a wind

farm [26]. Howland et al. [26] explored the effectiveness of wake steering of an operational

wind farm in Alberta, and wake steering was shown to increase production for a shorter period

but was insignificant for the annual energy production for this specific farm. Results showed

that the wake steering led to less variability in the wind farm’s power production, and they

concluded that wake steering could be beneficial for specific wind farm cases.

With an SR turbine, yawing will lead to a deflection of the wake, but MR turbines could

potentially steer each rotor, which enables a possibility to affect the wake shape and recovery.
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Yawing of each rotor can manipulate the wake to be expanded, channeled, or redirected, giving

advantages for different cases. Speakman et al. [27] present five different yaw configurations;

zero yaw, equal yaw, convergent yaw, divergent yaw, and equal crossed rotors, meaning the

bottom two rotors are yawed to the left, and upper rotors are yawed to the right. Using LES,

they investigate the effect these configurations have on the wake and wake recovery using a

yaw angle of 30°. Yawing above 30° leads to no significant changes in wake deflection, and the

momentum extraction is significantly reduced for an SR [28].

Results from Speakman et al. are presented by looking at a projection of the rotor area directly

behind the rotor in the downstream wake. The LES results show that every yaw configuration

leads to a lower normalized wake velocity deficit than the zero yaw configuration averaged

over the rotor area. Also, the TI averaged over the rotor area is highest for the zero yaw

configurations. The equal yaw configuration has the lowest velocity deficit and TI in the far

wake since the wake is deflected away from the rotor area cross-section. However, the crossed

rotor configuration has the lowest velocity deficit in the near wake. The divergent and crossed

yaw configurations created a significantly wider wake expansion than zero yaw. As a result,

the equal yaw deflected the wake like a yawed SR, and the convergent yaw channeled the

wake towards the turbine center.
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2.3 Multirotor parameters effect on the wake

Most studies of MRS have been conducted with CFD simulations, but data from the MR4

Vestas 4R-V29 also exist [9, 10, 11, 13]. With simulations and model experiments, MRS pa-

rameters can be changed to investigate the impact that different designs have on the wake

development and blockage effects. This investigation is not suitable for full-scale MRSs.

However, the available data indicate the relevance of simulations and model experiments.

This section will present results from previous simulations on the influence of the parameters

rotor spacing, rotor diameter, number of rotors, and rotor rotation on the wake.

2.3.1 Rotor spacing

For SR turbines in a wind farm is the spacing known to have a considerable impact on the

wake development and is well-documented [9, 12, 18, 25], and a parallel can be drawn to MR

rotor spacing. With an array of tidal turbines, Nishino and Willden showed that an optimal

rotor spacing exists, achieving a maximum power coefficient [14], and this could be the case

for MRs as well.

Ghaisas et al. [13] studied the rotor spacing effect on an MR4, and their findings showed

no significant effect on the velocity deficit in the simulations. However, they studied a

considerably large rotor spacing with tip clearance with factors of 1.0d. For commercial and

structural reasons, smaller tip clearances are expected. For example, the MR demonstrator

4R-V29 had a rotor spacing of 0.1d. Bastankhah and Abkar [9] compared the velocity deficit

for an SR turbine with MR4 turbines with three different rotor spacings with LES. The rotor

spacings were 0.0, 0.1d and 0.25d, where d is the diameter of one rotor. All three MR4 turbines

showed lower velocity deficits at downstream distances 2-8D than the SR. An increase in rotor

spacing led to a reduction in the velocity deficit and extended the distance for the formation

of one single wake [9]. At a downstream distance of 12D, the velocity deficit for the SR and all

rotor spacings converged towards the same value. The power production estimates showed

no significant difference with a change in the rotor spacing.

2.3.2 Rotor diameter

The faster initial wake recovery of MR turbines is previously explained to be caused by the

higher turbulence caused by higher mean flow shear [9]. The smaller the individual rotors
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are, the shorter the length scale is to where the wake enters its far wake region. Therefore,

will an MR7 with the same total area as an SR have individual wakes individually reaching

their far wake earlier than the SR. Bastankhah and Abkar [9] studied wakes behind four SRs

with different diameters. Their simulations showed that decreasing the rotor diameter led

to faster recovery with the same downstream scale (x/D). To properly compare the different

diameters, the velocity deficit was compared with a relative downstream scale (x/Dn), which

resulted in almost identical velocity profiles for the four diameters. They concluded that the

rotor diameter alone is not an essential factor. However, the rotor diameter is essential in

comparing the effect of the number of rotors using different rotor diameters.

2.3.3 Number of rotors

Jameson et al. [8] suggests that the cost of an MRS will decrease with 1p
n

with n representing

the number of rotors. Based on this assumption, it should be desired to have an MRS with as

many rotors as possible. How an increase in the number of rotors affects wake development

has also been studied by Bastankhah and Abkar [9]. Using LES, the wake of an MR2, MR4, and

MR7 with rotor spacing of 0.1d got compared with an SR. All the MRs have a swept area equal

to the SR. The three MRs showed lower velocity deficits than the SR, and a higher number of

rotors led to reduced velocity deficits in the near wake. The change of velocity deficit between

the MRs reduced between each MR as the number of rotors increased. As mentioned in 2.3.2,

a smaller rotor diameter leads to faster wake recovery in the near wake. Thus, for an MR, the

smaller rotors will eventually form one uniform wake reducing the rate of wake recovery. The

LES shows this as the wake recovery rate of the MR7 is reduced after X ≈ 2D and at X ≈ 3D

has the velocity deficit of the MR4 reached the velocity deficit of the MR7, and then the two

wake deficits follow each other. At X ≈ 5D , the MR2 reached the same velocity deficit as the

MR4 and MR7 and follows their velocity deficit curves. The SR reaches the velocity deficit as

the MRs at X ≈ 10D , and then all turbines have the same recovery and velocity deficits. The

computational model estimated that an increase in the number of rotors also increased the

power output. The power output of the MR2, MR4, and MR7 turbines were 1.5 %, 2 %, and 4

% higher, respectively, compared to the SR turbine [9].
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2.3.4 Rotor rotation

With MRSs, an opportunity is to control the rotational direction of the individual rotors. One

question is if this could positively affect wake recovery and power production.. Conservation

of angular momentum says that a wake rotates in the opposite direction of the corresponding

rotor. Therefore, if individual rotors in an MRS rotate in a different direction, the individual

wakes created in the near wake will rotate in different directions.

Bastankhah and Abkar [9] suggested that rotor-induced swirl interaction could together

transport outer wake flow into the wake resulting in faster wake recovery. This was investigated

with the rotating porous disc model with six different rotation cases for an MR4 and concluded

that rotation direction was almost negligible. The rotor spacing was 0.1d and the effect might

be more significant for other rotor spacings. Rotor rotation is a possible advantage that MRS

could utilize but is not regarded as a significant parameter for the wake development from an

MRS at this stage.

2.4 Laws of scaling

Small-scale models are often used to study full-scale models in physical environments. The

reason for doing small-scale experiments is to understand better the physical behavior of

various systems in varying conditions. Advantages with small-scale models are that they

are cheaper, easier to work with, easier to change the model, and enabling changing the

environmental parameters. However, for a small-scale model to suitable represent the full-

scale model in experiments, some scaling laws should be fulfilled to ensure similar behavior

between the two models [29]:

• Geometrical similarity

• Kinematic similarity

• Dynamic similarity

Geometrical similarity means that two models have the same geometrical relations only with

a different scale. The scaling factor, λ, are given by equation 2.25. By dividing the full-scale

length with the equivalent length of a small-scale model, the geometrical ratio is defined. λ

is used to define the rest of the model and surrounding environments. The rotor diameter

of a full-scale turbine can be divided by the diameter of a porous disc, and a geometrical
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relationship is obtained.

λ= L f ul l−scale

Lmodel−scale
= LF

LM
(2.25)

The kinematic similarity will obtain velocities, so the full-scale and model-scale induce the

same geometrical motion for both cases [29]. For example, the incoming wind velocity for a

turbine and the incoming fluid velocity for a porous disc. The kinetic similarity ratio is given

by:
uF

DF
= uM

DM
(2.26)

where u is the incoming velocity and D is the diameter. The kinematic similarity is also related

to angular speed, taking into account the rotation. However, this is not relevant for this thesis’

experiments as no rotation is present.

To achieve dynamic similarity forces for full- and small-scale models, the different force

contributions present must have the same ratio [29]. The forces of central importance are

inertia forces, viscous forces, gravitational forces, pressure forces, elastic fluid forces, and

surface forces. Important forces related to scaling in a porous disc are viscous and pressure

forces. The similarity in the ratio of the viscous forces is obtained with an equal Reynolds

number. The Reynolds number is given by:

Re = ρuD

µ
= uD

ν
(2.27)

ρ is the fluid density, µ is the fluid’s dynamic viscosity, and ν is the fluid kinematic viscosity.

However, a quick calculation of model velocity needed to achieve a similar Reynolds number

between a full- and small-scale model show that the model velocities would be unrealistically

high [25], and the similarities are not achieved. Piqué et al. [30] used The High Reynolds

number Test Facility to pressurize a wind tunnel and achieve higher Reynolds numbers to

investigate the effect of doing model-scale experiments with more similar Reynolds numbers.

They saw no significant changes in the wake generation with increasing Reynolds numbers

for the investigated Reynolds numbers.

For a circular object as a porous disc there should also be a Reynolds independence related

to the objects thrust coefficient in experimental experiments, meaning that above a given

Reynolds number the actuator disc should have the same thrust coefficient, making the disc

Reynolds independent above this Reynolds number.
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Chapter 3

Methodology

In this chapter, the experimental setup and equipment will be presented. Then, the measure-

ment campaign and procedure will be explained, and the methods for data post-processing

and presentation of the measurement data. Lastly, the measurement uncertainty and limita-

tions will be presented and discussed.

3.1 Experimental setup

The experiments were conducted at HVL’s MarinLab facility, a combined towing and wave

generating tank (see Figure 3.1). The tank is filled with freshwater and has a length of 50

m, a width of 3 m, and a depth of 2.2 m [henceforth defined as the x-, y-, and z-direction,

respectivley]. The wave generator is only used to mix seeding particles at the start of each day

of testing. Two carriages are mounted to a wire moving in the x-direction. The travel length,

velocity, and acceleration can be controlled with software. The disc setup is mounted to the

main carriage and the measurement equipment on the second carriage, enabling changing

the measurement distance from the discs. The water in the tank is not circulated or affected

by any external forces. Therefore, it is considered stationary as long as sufficient time has

passed since the last experimental run.
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Figure 3.1: Overview of the towing tank located in MarinLab at HVL, campus Bergen.

3.1.1 The Carriage System

In conventional wake experiments with wind tunnels, the turbines, or discs, are stationary,

and the fluid has a velocity running through the tunnel [21]. However, in a towing tank, the

fluid is stationary, and the setup moves at a velocity. How both these methods can both

investigate wakes will be presented in Sec. 3.1.3. The measurement equipment, an ADV, is

mounted to the second carriage mounted to the same wire as the main carriage. An illustration

of the setup of the carriage system is shown in Figure 3.2 and a photo from MarinLab in Figure

3.3. To change the measurement distance from the disc setup, x/D, the second carriage is

moved manually.

Figure 3.2: Carriage system setup illustration.
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Figure 3.3: The grid can be seen mounted to the front of the main carriage, and the disc setup
at the end (with the white bricks). The grey horizontal bar in the background is the traverse
with the ADV (black feature) mounted to it.

3.1.2 Model scale porous disc

Model scale porous discs represent turbine rotors in this thesis, also called an actuator or

permeable discs. It is essential to distinguish the model scale disc from the idealized actuator

disc presented in Sec. 2.1.1 as the idealized assumption such as frictionless is not valid. The

disc is illustrated in Figure 3.4 and has a solidity of 57 %. Leikvoll et al. [31] showed that this

porous disc fulfil the requirement of Reynolds independence, obtaining a constant thrust

coefficient for different velocities. The geometry with its trapezoidal holes let fluid pass

through achieving a similar thrust coefficient as a rotating turbine and mirroring the flow

of a rotating turbine in a simplified manner [21]. Using actuator discs instead of rotating

horizontal-axis rotors makes simulations easier and less computational intensive [21] and

physical experiments simpler and cheaper, especially when conducted in water.

There are no blades and no rotation, which means helical tip vortices will not be present in

the wake induced by the actuator discs, only swirls and vortices from the edges. Helvig et

al. [21] investigated different disc designs, uniform, and trapezoidal holed discs, to evaluate

which model had the best wake characteristic fit of a rotating two-bladed turbine in a wind

tunnel for up to a downstream distance of three diameters. They concluded that a 35% solidity

actuator disc (NHD35) had the most similar characteristic, with a velocity deficit almost

similar to the rotating turbine. Their results showed that instantaneous tip vortices behind the
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Figure 3.4: Actuator disc with solidity 57 % which is used in physical experiments.

two-bladed turbine were not present behind the best fitting actuator disc but concluded that

the actuator disc is a reasonably good simplification of a two-bladed turbine across several

mean parameters in the flow. For the near wake of the actuator disc, the instantaneous flow

phenomena are not representative of the turbine. They observed a high turbulent flow in the

upper edge of the blades due to the tip vortices. The tip vortices dissolve as the flow moves

downstream and the turbulence diffuses. Behind the actuator disc, a highly turbulent field

indicated that small-length scale vortices are created through the many holes in the actuator

disc, but these quickly dissolve.

The two-bladed turbine Helvig et al. used was freely rotating and thus had a low thrust

coefficient. For a three-bladed full-size turbine, the thrust coefficient is often 0.8 or higher [9]

and a solidity around 60 % better represents the thrust coefficient of a three-bladed turbine.

Behind the uniform holed 60 % solidity disc, Helvig et al. found that the disc produced a field

wherein the wake velocity was negative, moving in the reversed direction. In contrast, behind

the 60 % trapezoidal, this effect does not occur. Negative velocities can occur in the near wake

for the actuator disc measurements. Using an actuator disc instead of a rotating turbine gives

a good picture of velocity deficits, turbulence, and the behavior of the far wake. However, in

the near wake (x/D < 2), the effect from the tip vortices is too different from the stationary

actuator disc to give an accurate comparison.



3.1. EXPERIMENTAL SETUP 31

3.1.3 Wake measurements in a towing tank

Wake measurements can be performed in both air and water. The aerodynamic similarities in

air and water can be explained as both are Newtonian fluids [32], and both fluids follow the

Reynolds scaling for incompressible flow at low velocities. Traditionally, turbine wakes are

investigated using wind tunnel experiments [21, 33] but wakes investigations have also been

investigated using water flumes [34, 35]. Kress et al. [36] investigated load fluctuations on a

three-bladed turbine model in a towing tank. The difference between the wake generated by

an actuator disc in a wind tunnel at NTNU and in MarinLab towing tank was investigated

by an HVL bachelor group in 2020 [37]. They concluded that the wake velocity deficit and

turbulent kinetic energy from the towing tank experiments were generally slightly higher than

in the wind tunnel. One difference between the two compared experiments is that the wind

tunnel’s incoming velocity has some turbulence while the measurements in the towing tank

had laminar incoming flow.

3.1.4 The Traverse

Mounted to the second carriage is a motorized traverse that enables moving the measurement

equipment across the tank width and, thereby, the measurement position in the y-direction

remotely with a LabView script. The traverse has a length of 1980 mm and is moved by a

stepper motor with millimeter precision. First, calibration is done by resetting the traverse

to its starting point. The reset was done each time the second carriage was adjusted. Next, a

relative zero position at the centerline of the MR setup needs to be defined manually. This

position is defined by taking several measurements around the disc setup center and seeing

where the wake has the highest velocity deficit or symmetry around zero in the post-processing

at x/D = 2.

3.1.5 Acoustic Doppler Velocimeter

The measurements of the wake velocity components ux , uy , and uz are done with an Acoustic

Doppler Velocimeter (ADV). An ADV measures the velocity components using the Doppler

Shift principle. The ADV sends out an acoustic wave with a given frequency from a transmitter,

hitting seeding particles in the tank and reflecting the acoustic waves. Four receiving probes

pick up the changes in the frequency of the waves and can thereby decide the particle’s velocity
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vectors. The formula for this principle is:

fdoppl er =− ftr ansmi t ter · u

c
(3.1)

where fdoppl er is the receiving wave frequency, ftr ansmi t ter is the transmitted wave frequency,

and c is the speed of sound. With Eq. 3.1 can the velocity of the particles, u, for the three

directions be calculated. In Figure 3.5 a schematic illustration of an ADV module is presented.

Figure 3.5: Schematic illustration of the ADV module with four receiving probes.

The ADV used in this thesis is the Vectrino velocimeter from NORTEK. This ADV has four

receiving probes, meaning it measures the velocity in the x-, y-, z1- and z2-direction, i.e., two

vertical components that should give similar velocities. The ADV measures with a sampling

frequency of up to 200 Hz. In table 3.1 the technical specifications for the ADV are given.

Table 3.1: Data for the Vectrino Velocimeter from NORTEK [38].

Vectrino Velocimeter
Samping distance from probe 50 mm
Sampling volume diameter 6 mm
Sampling volume height (user-selectable) 3-15 mm
Velocity range ±0.03, 0.1, 0.3, 1, 2.5, 4 m/s (software-selectable)
Accuracy ±0.5% of measured value ±1 mm/s
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The acoustic beams transmitted by ADV are reflected due to seeding particles added in the

tank over the whole length. These seeding particles are neutrally-buoyant glass spheres with a

diameter of around 10 µm, and are made of a glass material [39]. The particles should enable

the ADV to measure a clean signal by reflecting each acoustic beam. However, when the tank

is not in use, the seeding particles sink or pack together, and during small wave experiments,

the seeding particles are slowly pushed to the end of the tank. Therefore, sufficient mixing and

adding new seeding particles was necessary during the measurement campaign. At the start

of each measurement session, regular sinus waves were generated with the wave generator

and run for 6 minutes or until a clean signal was achieved. At the same time, the carriages

were run back and forward with the measurement setup mounted for additional mixing with

the waves. The turbulence grid and larger disc configurations led to better mixing, shown by

fewer outliers in the signal. In Sec. 3.2.2, the post-processing of the collected data and how

outliers were handled are explained. In Sec. 3.4, the effect of the mixing quality is discussed.

3.1.6 Multirotor configurations

At MarinLab, several porous discs in aluminum with different diameters were available; one

70 cm, seven 20 cm, and thirteen 10 cm, all with a thickness of 5 mm. In addition, six identical

porous discs with a 10 cm diameter were 3D printed in thermoplastic (PLA).

Multirotor

Different multirotor setup parameters have been investigated; the number of discs, inter-disc

spacing, and yaw angle. The effects from the number of discs are compared between three

configurations, MR4, MR7, and MR19, seen in Figure 3.6. For disc spacing the MR7 was

investigated with three different disc spacings; 0.0d, 0.1d and 0.4d, where d is the diameter of

the single discs, in this case 20 cm. Figure 3.6 show the spacing directions. The total diameter,

D tot , is the total diameter horizontally over the disc center, and D is defined as D = d ·n,

where n is the number of discs along the horizontal center. An overview of the MR setups is

given in Table 3.2.

The frame structures are created with 3D printed joints and stainless steel or aluminum

(MR19) rods. In Figure 3.7, the frame is illustrated for the MR7. All setups are mounted to a 12

mm stainless steel rod in their center. The rod is mounted to the carriage. The MR4 and MR7

use discs with a 20 cm diameter, while the MR19 use 10 cm discs. The MR19 frame structure
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is therefore scaled-down 1:2 from the MR7. The stainless steel rods have a diameter of 10 mm,

while the aluminum rods for the MR19 have a diameter of 6 mm.

Figure 3.6: The disc setups for MR4, MR7, and MR19. The disc spacing, s, indicates the spacing
between the disc edges horizontally and vertically for MR4 and horizontally and at an angle for
MR7 and MR14. D tot is the total diameter, and d is the disc diameter. The red dots define the
disc centers for each setup.

Table 3.2: Overview of MR setups.

MR setup d [cm] s [cm] D [cm] Dtot [cm]
MR4 20 0.1d 40 42

MR7 20
0.0d

60
60

0.1d 64
0.4d 76

MR19 10 0.1d 50 54

Figure 3.7: The back of the MR7 showing the frame structure.

The yaw, the angle between the incoming flow direction and MR setup, is adjusted by adding

a 10° angle to each joint and rotating the tower with 10°. Three yaw configurations have been
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investigated; 10° individual disc yaw, 10° tower yaw, and combined yaw with 10° disc yaw with

-10° tower yaw (see Figure 3.8).

Figure 3.8: Sectional top view of the three yaw configurations.

Multirotor Windcatching Systems Frame Structure

The last MR setup is an MR7 with 0.1d spacing with an additional frame in the streamwise

direction illustrated in Figure 3.9 and forward referred to as the WC7. This setup is investigated

due to talks with Wind Catching Systems, who informed us that they plan to build an MR7

with a frame similar to the one planned for their 25 GW MR turbine. The frame for the WC7 is

inspired by the Wind Catching frame and might give insight into how a frame like this will

affect wake development.

Figure 3.9: 3D model of the WC7 structure.
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Single rotor

Wake measurements are also completed on SR discs to compare with the MRs. Two SR discs

are used; a 20 cm diameter disc similar to the one used in the MR4 and MR7, called SR20, and

a 70 cm diameter disc, the SR70. The SR20 disc is mounted to the same tower as the MRs, but

the SR70 is mounted to a different tower. Another tower needed to be used due to increased

drag forces which induced bending and oscillation when mounted to the tower used for the

MRs. The SR70 is presented in Figure 3.10 and is part of a parallel ongoing master thesis by

Sindre Øye, where further information regarding its setup can be found [40]. This tower led to

some differences in the test parameters compared to the smaller tower. In addition, the SR70

has an offset in the streamwise direction from the tower due to a nacelle. This offset led to the

disc being closer to the turbulence grid than the MRs. The nacelle also has a tail that blocks

space for the wake to expand into, which might affect the wake.

Figure 3.10: SR70 submerged in the tank with its tower and nacelle.

3.1.7 Turbulence grid

Turbulent incoming velocity in the towing tank is generated with a turbulence grid mounted

to the front of the main carriage as shown in Figure 3.2. The grid parameters are given in Table

3.3 and Figure 3.11. As seen in Figure 3.11 the discs will be placed close to the lowest part

of the grid. The grid is 1.45 m wide and goes to a depth of 1.35 m. As the tank is 3.0 m wide

and 2.2 m deep, the grid does not cover the cross-section completely. The distance from the

center of the grid and discs to the edge of the grid is 725 mm, which means that laminar and

higher velocity flow will be present at the sides of the wakes and might influence the wake

recovery. At downstream distances ≤7D, the wake might expand outside the grid and into the
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surrounding flow.

Table 3.3: Turbulence grid properties.

b [cm] M [cm] M/b Solidity
5 25 5 0.36

The characteristics of the flow and turbulence created by the turbulence grid have been

investigated and presented in Sec 4.1.1 to indicate how the turbulent and laminar flow behave

and interact using the grid. Wake profiles were measured at 0.6 m, 1.2 m, 2.0, 2.5 m, 5.0 m, and

10.0 m downstream from the turbulence grid. Centerline measurements were also measured

at 3.0 m, 4.0 m, 6.4 m, and 8.4 m. The measurement depth was 50 cm. The MR setups were

mounted 2.0 m downstream from the grid.

Figure 3.11: Illustration of the MR7 with no disc spacing behind the turbulence grid. y/D is
shown for D = 60 cm.
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3.2 Measurement procedure & Data Post-Processing

3.2.1 Wake Measurements

In Figure 3.12 the locations of the lateral wake profiles and centerline are illustrated for an

MR7. All wakes are measured at a depth of 100 cm for all setups. The wake profiles are

measured at downstream distances of 2D, 4D, 7D and 10D. Due to symmetry, the wake

profiles are measured in detail at one-half of the disc setup and mirrored over the disc center.

However, some measurements are measured at the opposite side to detect if the wake was

not symmetrical due to an angle offset or wrongly defined disc center. Around the disc center

at 2D several measurements are conducted to find the position of y = 0 with the ADV. The

highest velocity deficit and symmetry define the disc center.

Figure 3.12: The measurement campaign showing location of the downstream distances for
the lateral wake profiles and the centerline at disc center.

Using just one ADV to measure lateral wake profiles and centerline measurements is time-

consuming. Before a measurement can start, the water should be relatively still, and it takes 3

minutes for the ADV to read ≈ 0.0 cm/s after a measurement has been run. One measurement

run takes approximately 1.5 minutes, and it takes 1 minute to rewind the carriage to the

starting position. Together it takes approximately 5.5 minutes to obtain one measurement
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point, and therefore only one-half of the wake is investigated. Also, fewer measurements

are measured at 7D and 10D since the importance of many measurements is lower as the

wakes are more mixed and with fewer variations across the wakes. After analyzing the first

obtained data, a decision was made to exclude the 4D wake measurements for the next wakes

measured as this region was less important at this early stage of wake investigation. The wake

profiles were measured with 15 - 30 measurement points with an interval of 10 to 40 mm,

depending on disc setup and downstream distance. Table 3.4 gives an overview of all wake

measurements presented in this thesis, excluding the measurements on the turbulence grid.

Two incoming velocities, U0, have been used; 0.4 m/s for the laminar incoming flow and 0.337

m/s for the turbulent flow. The turbulent incoming flow velocity generated by the grid has

been found experimentally in Sec. 4.1.1.

Table 3.4: Overview of wake measurements for this thesis.

Turbine type/
Number of rotors

Inflow Spacing Number of wake profiles
Number of measurements

at centerline

SR
Laminar (SR20) - 4 19

Turbulence (SR70) - 4 10
MR4 Laminar 0.1d 4* 32*

MR7

Laminar
0.0d 3* + 6** -
0.1d 3 + 4* + 6** -
0.4d 3* + 6** -

Turbulence
0.0d 4 -
0.1d 4 19
0.4d 4 -

MR19 Laminar 0.1d 3 19
WC7 Laminar 0.1d 3 -

Turbine type/
Number of rotors

Spacing
Disc yaw
[degree]

Tower Yaw
[degree]

MR7 0.1d
10 0
0 10

10 -10
One wake profile at x/D = 2 with laminar inflow
**Measured by Jørs and Mjåtveit [41].
**Measured in collaboration with Koi [42].
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3.2.2 Data Post-Processing

All data are collected with the ADV and processed in MATLAB. For efficient post-processing,

the ADV sample recordings were started simultaneously as the carriages and stopped when

the carriages had stopped.

Figure 3.13 show a sample recording of the x-velocity component measured by the ADV in a

wake. The blue line shows the acceleration and deceleration and where the turbulence has

affected the wake around sample number 2000. The red line is the measurement of the fully

developed wake. These samples are used for further post-processing.

Figure 3.13: Sample recording for MR7 in turbulence at 2D downstream distance at y-position
450 mm showing the original (blue) and cut (red) data samples.

Due to different downstream distances and limitations of the tank length, fewer samples

are included for further downstream wake profile measurements as the starting point of

the fully developed wake changes. Therefore, different lengths of a measurement series

were investigated to understand how the number of data samples included influenced the

accuracy of the results. The starting sample of the measurements is kept constant, but the

length of the developed wake data included is changed and set to 10300, 8300, 6300, 4300,
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and 2300 samples. Figure 3.14 shows the standard deviation for the average velocities in

the streamwise direction for each measurement point for the different measurement series

lengths in percentage relative to the averaged velocity of the 10300 sample length. The lines

indicate the absolute average deviations from the 10300 sample length in percentage and

calculated with equation 3.2.

σlength =
n∑

i=1

√(
xlengthi

−x10300i

)2

x10300i

· 100

n
[%] (3.2)

Figure 3.14 shows that the average velocity varies more towards the middle of the wake for all

sample lengths and approaches the average velocity of the 10300 sample length towards the

outside of the wake. Lengths of 4300 and 2300 samples give values that differ significantly

from those with 10300 samples. Lengths of 8300 and 6300 give better corresponding values.

However, 6300 could give a deviation over 5 %. The dotted lines show the average deviation

of the whole wake. They clearly show how more samples better comply with the 10300

sample length. The shortest measurement length conducted in this thesis is 6300 samples for

the measurement of SR70 at a downstream distance of 10D. Figure 3.14 indicate an average

deviation of ≈ 1.5 % for these measurements. However, these deviations depend on the

stability velocity measurement, and at a downstream distance of 10D, the velocities are

steadier than at 2D, leading to lower deviations. The measurements also vary more behind

the disc from 0 to 0.5 y/D than outside.

Although the measurement quality was good and mostly without noise, some outliers did

occur with the ADV measurements. Outliers occur either due to bad particle mixing or an error

in the measurement signal and are shown in Figure 3.15. To filter out these outliers a Hampel

filter was used. The Hampel filter was set to evaluate 200 neighboring samples and check

if the evaluated sample’s standard deviation is four times greater than the median absolute

deviation of the neighboring samples. If the evaluated sample fulfilled this condition, the

filter replaces the outlier sample with the mean of the 200 neighboring samples. A hypothesis

was that the filtering might affect the results due to the several outliers present in previous

work [25, 41] due to this filter method. In Sec. 3.4 data with bad signal quality from previous

experiments and new measurements with good quality will be compared to investigate the

influence the Hampel filter could have on the wake results.
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Figure 3.14: Four measurement lengths, 8300, 6300, 4300 and 2300 samples, are compared to
data for 10300 data samples lengths. The plotted points show the percentage deviation from
the corresponding velocity in the x-direction in the measurement with 10300 data samples. The
lines is the average absolute deviation from 10300 for each of the 4 measurements lengths.

Figure 3.15: Sample recording for MR7 in laminar flow at 2D downstream distance at y-
position 450 mm. The red data samples are the data contained for further post-processing,
showing how outliers are filtered with the Hampel filter.
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The measurements are mainly presented with lateral wake profiles. First, the profiles are

plotted with measurements from the positive y/D y-axis, and then the plot is mirrored over the

x-axis. The measurement points are then indicated with points on the graph on the positive

side. The wake velocity is presented with a normalized velocity deficit. The term normalized

velocity deficit is chosen as it gives no denomination and can be compared with other wake

measurements. The equation for normalized velocity deficit is:

Uvd = U0 −Umean

U0
[−] (3.3)

where U0 is the incoming velocity and Umean is the mean velocity for each measurement

point. A Uvd = 0 shows no velocity deficit, Uvd = 1 means no velocity, and above one indicates

particles having a negative velocity moving opposite of the incoming flow. For some velocity

presentations, just normalized velocity is used, which is defined by:

Uv = Umean

U0
[−] (3.4)

A polynomial fit has been applied to the measured lateral wake profile to achieve comparable

values for maximum velocity deficits and the wake widths of different wakes. A 10th-degree

polynomial has been used as it best fitted the wake measurements and is illustrated in Figure

3.16. Uvd ,max is the maximum velocity deficit, and the wake widths are defined as the width

where the wake velocity is half of the maximum,
Uvd ,max

2 . The wake width is further divided by

the disc configuration diameter D tot . The results are presented in Sec. 4.1 in Table 4.1 and 4.2.

Figure 3.16: Use of 10th degree polynomial fit to define a maximum velocity deficit, Uvd ,max ,
and a wake width.
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3.3 Measurement uncertainty & Experimental limitations

In an experiment, several sources of error and uncertainty exist. The uncertainty of the

measurements can be divided into two categories; systematic and random error. Systematic

errors generally occur in every measurement series, usually related to the measurement

equipment. Examples could be instrument damage, wrong calibration, or interference from

external sources, typically influencing the equipment’s accuracy. Other systematic errors

can also be related to the setup methods. Random error is due to factors that vary with each

measurement and can not be controlled. There are often many limitations to the repeatability

of the measurements and limitations related to the facilities and equipment for physical

experiments. Various uncertainty and limitations of the measurement campaign and the

associated results will be presented in this section.

3.3.1 Systematic error

The systematic error in the experiments is linked to the ADV and the manual mounting

and adjusting of equipment. The signal from the ADV depends on three things; particle

mixing, positioning, and cable interference. Regarding particle mixing, a higher amount of

seeding will lead to better signal and measurement accuracy. Sufficient mixing is necessary

to reduce this error. To accurately quantify this systematic error was not possible further

than comparing the difference between good and bad mixing from previous measurements

(See Sec. 3.4). A diagnosis check integrated into the ADV software was run to investigate

if the ADV had any damage. It showed that no damage had occurred to the device. The

ADV measurement in the three directions is dependent on the correct rotational position of

the ADV, which means if the x-direction were not parallel to the actual x-direction, a lower

streamwise velocity would be measured. To avoid cable interference, the signal cable was

placed with a sufficient distance to the 230 V power supply cable, which was was identified as

a source of interference before the measurement campaign begun.

Human errors have most likely led to systematic errors due to manual adjustments. For

example, the measurement depth of the ADV and the disc setup depth were found by manually

measuring 100 cm from the sample location and disc center, respectively, and indicated on

the mounting rods with a marker line for the water surface. This was only done once and

used for the whole campaign and could have led to a systematic error measuring at the wrong
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location for all measurements. A spirit level was utilized to ensure that the dist and ADV were

mounted with no angel. However, the human eye reading from the spirit level decides if it

is correct in the end and could have led to a systematic error for the different setups. The

distance between the ADV and disc setup is also set manually with a measuring tape hanging

over the water surface, leading to systematic error. Although many human errors are present,

they are not believed to impact the uncertainties of the results related to them significantly.

A few measurements have defined the incoming velocity and turbulence level behind the

turbulence grid at a 2-meter downstream distance. An implication could be that the defined

incoming velocity is inaccurate, and several results are normalized with the wrong incoming

velocity.

3.3.2 Random error

The primary source of random error is believed to be caused by the difference in the tank

between each measurement. The particles move around, and sometimes the ADV might

measure in an area where the mixing is not similar to the rest of the tank. The movement

from the previous run might also be present and give random errors in the measurements.

However, as Sec. 3.4 will show, these errors might not have a significant effect on the results

presented. Interference on electrical equipment could also be presented as a random error.

However, this is not changed throughout the measurements and is mainly believed to be a

systematic error. It was observed in the data reading from the ADV that the wire and carriages

might induce vibrations from the wire and rail into the experimental setup affecting the ADV

measurement. However, as a measurement series consists of several thousand samples, these

random errors will even out. Random human errors could be starting a measurement too

early, but none has been identified.

3.3.3 Limitations

Turbulence grid

The turbulence grid was built for another experiment comparing two different measurement

equipment in turbulent flow and not for the generation of a turbulent incoming flow for wake

investigations [43]. Therefore, the grid is not suited for this type of experiment as the grid

only covers 30 % of the cross-section of the towing tank, leading to unwanted higher velocity
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laminar flow surrounding the turbulent flow and the disc wakes. A grid covering the whole

cross-section would be most suitable and desired. The discs, as mentioned, were also located

almost outside the bottom of the grid, which is not ideal but will most likely not have made

the results unusable.

The turbulent eddies created by the turbulence grid could not be scaled with the diameter of

the disc setup, and the SR70 disc was used to obtain a comparable length-scale for the eddies

between the two disc setups. The SR70 tower that had to be used led to the SR70 disc being

located 25 cm closer to the grid and thereby located with an unknown incoming velocity and

turbulence.

Equipment and setup

With just one ADV available, it can take up to 3 hours to get one wake profile, limiting how

many measurements and setups can be investigated. The desired procedure would be to

have each measurement point closer to the next one and measure a higher number of wake

profiles to get a full understanding of the wake development but this was not possible due to

the time limitation.

The SR and MR setups would be best suited for comparison if each setup’s disc area was equal.

This similarity would ensure an accurate comparison between the rotor size and swept area

of the setups, and the same measurement points for the lateral wake profiles could be used.

However, to achieve this would require many different discs with specific diameters and an

additional cost to have the discs ordered. However, as the results are presented in relative

terms when comparing different setups, this difference is believed insignificant, but this is

not investigated. The towers which the disc setups are mounted to are not scaled relative to

the disc setup, however, this would probably lead to insignificant differences.
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3.4 Previous experimental results at MarinLab

Several experimental investigations of wakes behind actuator discs have been conducted in

MarinLab [25, 37, 41, 44]; single rotor wake, wind farm wakes, and multirotor wakes. Bjørnsen

[25] investigated what depth the center of a disc no longer was influenced by the free-water

surface. With a 20 cm disc, did the results show that the deeper the disc center was positioned,

the lower was the z-velocity component. Higher incoming velocity led to a higher z-velocity

in the wake. With the center at a depth 1.5 times the diameter of the disc, 30 cm, the z-velocity

was negligible at an incoming velocity of 0.5 m/s.

Bjørnsen [25] also completed repeated measurements at three lateral positions in the wake

behind one disc with the ADV. The objective was to estimate the ADV’s precision when

measuring the wake velocity. The measurements were conducted in the wake at disc center

y/D = 0 with six measurements, and two positions close to the disc edge, y/D = 0.4 and

y/D = 0.45 with four measurements. The repeated measurements showed a higher standard

deviation for the center measurements and the closest to the edge. However, the accuracy

of the ADV is given in Sec. 3.1.5, and what he explored was the uncertainty or precision in

the wake representation. Generally, these measurements show that the results show some

uncertainty which could be larger in at the disc edge where the turbulence is highest but the

uncertainty is regarded as low, especially as the new measurements have a better signal as

well.

Aasnæs had a similar approach investigating the velocity measurement deviation at different

downstream distances behind two arrays of discs [44]. The measurements were done at

downstream distances of 2.5, 3.5, and 6.0. The first was measured four times, and the others

three times. These measurements were not conducted at the exact lateral location and give

no direct correlation. However, they gave a general indication that the deviation for the

measurements is lower the further downstream the wake measurement is conducted.

In the spring of 2021, Jørs and Mjåtveit [41] completed initial investigations of multirotor

wakes in their bachelor thesis. Their data have been provided for further use to compare

different multirotor wakes and further evaluate the quality of this experimental procedure

in MarinLab. One MR4 and three MR7s with the laminar flow were investigated. After

a new evaluation of their results, it is evident that a higher signal quality was possible to

archive. The effect of this has been further investigated to understand the implication of
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the different signal qualities. In Figure 3.17, two measurement series of an MR7 in laminar

flow at the MR’s center are presented. The plot showing the previous measurement with bad

mixing is the measurement conducted by Jørs and Mjåtveit, and the good mixing is a new

measurement measured after the turbulence grid was used for mixing. The signal quality

is significantly better for the new measurement leading to less filtering of the signal. The

previous measurement was begun with the carriage in motion and ended before it stopped,

affecting which measurements are included in the series. The measurements conducted in

this thesis are started together with the carriage, then the start of the start of the sample series

are cut and including a fixed number of samples number cutting out the end.

Figure 3.17: Comparison of two data series of the streamwise velocity measurements at MR7
y/D=0 with laminar incoming velocity with "bad" (previous measurement) and "good" (new
measurement) particle mixing.

Figure 3.18 and 3.19 compare the wake velocity deficit and tke from the previous and new

measurements at downstream distances 2D, 7D, and 10D. The lateral profiles for the nor-

malized velocity deficit in Figure 3.18 shows similar wakes at x = 2D. For X = 7D and 10D,

the new measurements show higher velocity deficits than the previous measurements. At

≈ y/D tot = 1, outside the created wake, the two measurements should both measure approxi-

mately zero velocity deficit, but a small offset between the two measurements is observed.

The lower velocity deficit could be caused by unknown differences between the setups or

other systematic or random errors.

A theory for the bad signal turbulence results was that heavy filtering would filter out turbu-

lence data and affect the results. In Figure 3.19 the normalized tke for the wakes are presented.
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Keeping the differences from Figure 3.18 in mind, only a general comparison of the tke results

is possible. The tke levels at X = 2D follow each other well and have the same maximum tke

level. At X = 7D, the average level for the previous measurements is a bit higher. However,

the new measurements coincide with previous measurements at three locations. At X = 10D ,

both measurements show similar results.

Figure 3.18: Normalized velocity deficit wake profiles for MR7 0.1d in laminar flow for the
downstream distances 2D, 7D ,and 10D for the previous and new measurements.

Comparing the measurements conducted by Jørs and Mjåtveit [41] with the new measure-

ments, which have a higher signal quality with less filtering, indicates that their measurements

are usable and give a good representation of the wake phenomena. However, the new obtained

signal quality is favored.
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Figure 3.19: Normalized turbulence kinetic energy wake profiles for MR7 0.1d in laminar flow
for the downstream distances 2D, 7D, and 10D for the previous and new measurements.
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Chapter 4

Results and Discussion

The obtained results from the measurement campaign will in this chapter be presented

in Sec. 4.1. First, the results are presented with graphs, scatter plots, and tables with the

respective measurements to compare the effects different setup parameters have on the wake

development for an MRS. Then, in Sec. 4.2, the presented results will be further discussed

and put in context with previous measurements and published computational results.

4.1 Results

4.1.1 Characterization of the turbulence grid

Six lateral wake profiles and four centerline measurements have been conducted to char-

acterize the wake generated by the turbulence grid. The mean velocity, tke, and TI of the

wake behind the grid have been quantified to understand the turbulence grid’s abilities for

turbulence generation. This characterization is essential to understand what effects can

influence the wake generated by the disc setup operating in the grid-generated turbulence.

The turbulence grid is dragged at a speed of 0.4 m/s, and the mean normalized velocities

across the turbulence grid at the downstream distance of 2.0 m are presented in Figure 4.1.

The disc setups will be placed at a 2.0 m distance from the grid. The average velocity in the

streamwise direction, umean , behind the grid area is calculated to be 0.337 m/s and will later

be used as the initial velocity for the disc setups placed in the turbulent flow. Henceforth is

the grid area defined as the area covered by the grid, meaning between ±0.725 m. The velocity

outside of the grid area is significantly higher than the incoming velocity and is believed to be
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due to the blockage effect caused by the grid. The grid covers 49 % of the tank’s width, and

multiplying this with the solidity gives a blockage of 17.64 % of the tank’s width by the grid.

This lead to an increase in velocity as the flow has limited space for expansion.

Figure 4.1: Normalized mean velocities across the wake at a downstream distance of 2.0 m at a
water depth of 50 cm. All three velocity components, u, v, and w are presented. The vertical grid
bars are illustrated in grey.

The higher velocity flow outside of the grid area is also evident in Figure 4.2 which presents the

velocities in the streamwise direction at each measurement point. At 0.6 m, higher velocity

jets passing through the grid mesh are evident. These high-velocity jets eventually blend to

form an almost uniform flow at 2.0 m.

From Figure 4.1 and 4.2 only small varieties in velocity between the bars are evident at x = 2.0

m and 2.5 m. It can also be observed that the velocity is at its lowest at y ≈ 0.625 for both x

= 2.0 m and 2.5 m, indicated with a darker blue color in Figure 4.2. Outside of the grid area

are the velocities significantly higher than the initial velocity of 0.4 m/s for all lateral wake

measurements, even at downstream distances of 5.0 m and 10.0 m, but weaker than at 2.5 m.

This higher velocity around the grid seems to mix with the turbulent flow slowly, and at 10

m, the velocities behind the grid area have increased. In contrast, the velocities outside have

decreased from above 0.46 m/s to ≈0.42 m/s.

From 2.0 m and further downstream, a constant velocity is desired as the wake recovery

of the grid will not significantly interfere with the wake recovery of the disc setups. Figure
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Figure 4.2: Contour scatter plot of the normalized velocity deficit for each measurement point.

4.3 presents the average of the velocities and tke measured behind the grid area for the

downstream distances. Several of the averaged values are around 0.35 m/s, except 2.0 m and

10.0 m, where the averaged velocities are 0.337 m/s and 0.340 m/s. The velocity increased 5.07

% from 2.0 m to 5.0 m. However, the difference from 2.0 m to 10.0 m is just a 0.89 % increase

in velocity.

It should be noted that the distances 3.0, 4.0, 6.8, and 8.4 are just single measurement points at

the centerline, while 0.6, 1.2, 2.0, 2.5, 5.0, and 10.0 are the average of the lateral measurements

points behind the grid area.

Figure 4.3: Normalized mean velocities in the streamwise direction (orange dots) and mean
normalized tke (blue squares) for downstream distances behind the grid area.
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Figure 4.3 also show the average tke for the same measurements. For the single centerline

measurements, the tke are almost constant around 0.3 ·10−3 while the average lateral mea-

surements show higher tke levels. At 2.0 m the tke is ≈ 2 ·10−3 and the tke has reduced to

≈ 1 ·10−3 at 10.0 m downstream.

Further are the tke levels for each measurement point presented in Figure 4.4. The lateral

measurements at downstream distances of 2.0 m, 2.5 m, and 5.0 m show that higher turbu-

lence is generated by the grid’s outer edge, caused by the square geometry of the grid frame.

At 2.0 m and 2.5 m, lower tke levels are observed outside of the grid in the higher velocity flow

shown in Figure 4.2, indicating that a more laminar-like flow is surrounding the turbulent

flow. The mean TI at 2.0 m is calculated with equation 2.22 for the measurement behind the

grid area and gives a TI of 10.7 %, and is defined as the TI of the incoming flow experienced by

the disc setups in the turbulent flow.

Figure 4.4: Contour scatter plot of the tke for each measurement point.
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4.1.2 Laminar and turbulent flow

A wind turbine will operate in the ABL, where turbulence is present. However, for experimental

investigations of disc wakes, laminar incoming flow is sometimes used due to equipment,

simplicity, or facility limitations. Therefore, to understand the effect of turbulence on the

wakes generated by SR and MR setups, turbulent inflow is investigated and compared with

laminar inflow to see if similar results are obtained and that laminar inflow can be used for

future experiments.

Single rotor

Although the primary objective of this thesis is to investigate MR wakes, first, an understanding

of the wake of an SR in the same conditions will be investigated. In Figure 4.5 and 4.6 are

the normalized velocity deficits and normalized tke of the two SR wakes in turbulent and

laminar flow presented. In laminar flow is the SR20 used, and the SR70 is used in the turbulent.

Henceforth will the two cases be referred to as the laminar and turbulent wake. In the near

wake, at X = 2D, the normalized velocity deficit in the laminar wake is higher than for the

turbulent wake, and it expands more than the turbulent wake. The laminar wake appear as a

smooth Gaussian shape, while the turbulent wake follow a similar Gaussian curve but deviates

around it. The deviations for the turbulent wake could be caused by wake effects from the

nacelle of the tower described in Sec 3.1.6 but also be a cause of the turbulent flow. At X = 4D ,

the turbulent and laminar wakes’ maximum normalized velocity deficits have halved from

2D, and the turbulent wake still has a lower normalized deficit. However, in the far wake at

7D and 10D, the maximum normalized velocity deficit of the two inflow conditions is more or

less similar. The effect of the laminar high-velocity flow outside the turbulence grid discussed

in Sec. 4.1.1 can be observed at 7D and 10D for the turbulent wake as the normalized velocity

deficit in the outer wake are negative.

The tke levels of the two wakes are presented in Figure 4.6. The laminar wake at 2D shows

lower normalized tke levels than the turbulent wake in the near wake. The highest turbulence

level in the laminar wake appears around the edge of the disc, y/D = ±0.5, which is also

observed for the turbulent wake but with three additional peaks around the center. These

additional peaks are believed to be caused by the nacelle. At 4D , the normalized tke levels for

both cases are alike. The laminar wake has a smoother tke curve with uniform turbulence

behind the disc area and lower outside. The tke curve of the turbulent wake follows the same
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Figure 4.5: Lateral wake profiles of the normalized velocity deficits for SR20 in laminar flow
and SR70 in turbulent inflow.

path as the laminar, but it is not as smooth and with some deviations along the path. Also, at

4D , the tke peaks occur close to the center of the turbulent wake. Further downstream, at 7D

and 10D , the normalized tke levels for each inflow condition are similar but turbulent wake is

a bit higher.

Figure 4.6: Lateral wake profiles of the normalized turbulent kinetic energy for SR20 in laminar
incoming flow and SR70 in turbulent inflow.
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Multirotor

The wake of the MR7 with 0.1d inter-disc spacing in turbulent and laminar incoming flow are

presented in Figure 4.7 and 4.8. The normalized velocity deficits in Figure 4.7 show similarities

between the two wakes. At X = 2D , the two conditions give a similar maximum velocity deficit

at the wake center, and a wider wake expansion for the laminar wake is observed. At X = 4D

and X = 7D , the wake’s expansion is more similar, but the velocity deficit of the laminar wake

is lower, at least behind the MR. Also, at X = 10D , the laminar wake has a lower velocity deficit

behind the MR and is almost fully recovered. The negative velocity deficit in the outer area of

the far wake for the turbulent SR wake observed previously is also evident in the turbulent

MR wake.

Figure 4.7: Lateral wake profiles of the normalized velocity deficits for the MR7 in laminar and
turbulent inflow.

Comparing the normalized turbulent kinetic energy for the two conditions in Figure 4.8 at

X = 2D, the turbulent condition has the highest turbulence. The two wake representations

show similarities in the turbulence levels across the wakes, but the turbulent condition gives

slightly higher values. At 10D, at lateral position y/D =±0.8, higher tke levels are observed

caused by the grid, similar to the SR turbulent wake.

At x = 4D , the laminar wake measures the highest turbulence, which occurs in the middle of

the wake, but the maximum tke level is the same as at X = 2D. The highest turbulence still

occurs at the MR edge for the turbulent condition, but the turbulence level has reduced. From

y/D ≈ 0.4 and outwards, the turbulence level is almost identical between the two conditions.

A lower turbulence level for the turbulent condition can also be observed at X = 7D. At
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X = 10D, the turbulence level is approaching a consistent level across the wake. For the

turbulent condition, the effect from the turbulence grid can be observed around y/D = 0.7

with a increase in the tke.

Figure 4.8: Lateral wake profiles of the normalized turbulent kinetic energy for the MR7 in
laminar and turbulent inflow.

Centerline

In Figure 4.9, centerline measurements of the normalized velocity deficit and normalized tke

are presented for the MR and SR in the two types of flow. Figure 4.9a) show that the velocity

deficit for the laminar wakes is higher than the turbulent wakes for the whole range measured

and that the two wake types follow the same pattern downstream. For the normalized tke

in Figure 4.9b) the laminar and turbulent wakes also follow similar paths, but the initial

turbulence generated in the SR wakes differs. The initial turbulence level is significantly

higher for the turbulent wake than the laminar, which starts low and increases rapidly. Both

SR wakes reach the maximum turbulence level around x/D tot ≈ 4. The turbulence of the MR7

wakes is similar, with the turbulent wake having a bit higher levels. The turbulence is at its

highest initially and reduces to a minimum around x/D tot ≈ 2.5 before increasing to a level

where it stabilizes.
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Figure 4.9: Centerline measurements of a) normalized velocity deficit and b) normalized
turbulence kinetic energy of the MR7 0.1d, SR20, and SR70 in laminar and turbulent incoming
flow.

4.1.3 Effect of spacing in turbulent flow

In this section, lateral wake profiles of the MR7 with three different disc spacings in a turbulent

incoming flow will be presented, as well as the SR70 for comparison. In wind farm situations,

the spacing between SR turbines is known to have an impact on the downstream wakes

[12, 18, 25], therefore is it believed that this effect from the spacing between the discs in MRS

also affects the MR’s wake development. The effect of rotor spacing is investigated with rotor

spacings; 0.0d, 0.1d, and 0.4d. Lateral wake profiles of the normalized velocity deficits are

presented in Figure 4.10 and the normalized tke in Figure 4.11.

The normalized velocity deficit in Figure 4.10 show clear differences between the configura-

tions at X = 2D . Firstly, it can be observed that an increase in spacing leads to a lower velocity

deficit and a narrower wake in the near wake. With no spacing, 0.0d, the maximum velocity

deficit for MR7 and SR70 are approximately equal but the SR70 wake is a bit wider. In the
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downstream range 2D −10D no significant differences between the SR70 and MR7 0.0d are

observed.

Figure 4.10: Lateral wake profiles of the normalized velocity deficit of the MR7 with three
different rotor spacing; 0.0d, 0.1d, and 0.4d, and the SR70.

At the downstream distance of 4D , the differences in velocity deficit between the three MR7s

have reduced. The mean velocity deficit of the wake with 0.1d spacing is slightly lower than

with 0.0d spacing and the 0.4d spacing has the lowest deficit. This changes in the far wake

region 7D and 10D . At 7D , all three MR7s have velocity deficits around the same level. At 10D

the velocity deficit around the center of the 0.4d wake is slightly higher than the 0.0d and 0.1d.

The MR7s with 0.0d and 0.1d spacing has the same velocity deficit levels as the SR70 at these

downstream distances.

Table 4.1 show values for the four lateral profiles fitted with the polynomial curve fitting. At

X /D = 2 the maximum velocity deficit is easily seen to decrease with increased disc spacing.

At X /D = 4 and X /D = 7 the maximum velocity deficits of the 0.0d and 0.1d are similar, while

the MR7 0.4d still has a bit lower deficit. At X /D = 10 the wakes of the 0.0d and 0.1d has

recovered more than the 0.4d. The SR do have the highest wake recovery in the measured

range from 8.85 % at 2D to 88.25 % at 10D .
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Table 4.1: Data for the lateral wake profiles based on a 10th-degree polynomial fit for the MR7
with the three different spacing configurations and the SR70 in a turbulent flow.

Disc
Config.

X/D
Max. normalized
velocity deficit [-]

Wake recovery
percentage

Wake width
Dtot

MR7
0.0d

2 0.89 11.05 % 0.72
4 0.45 54.81 % 0.90
7 0.26 74.36 % 1.10

10 0.17 82.59 % 0.78

MR7
0.1d

2 0.68 31.91 % 0.69
4 0.46 54.25 % 0.76
7 0.26 73.96 % 0.85

10 0.16 83.78 % 0.85

MR7
0.4d

2 0.39 61.28 % 0.86
4 0.37 63.27 % 0.77
7 0.29 71.49 % 0.75

10 0.21 79.37 % 0.78

SR70

2 0.91 8.85 % 0.93
4 0.45 54.51 % 1.02
7 0.16 83.74 % 1.44

10 0.12 88.25 % 1.21

The normalized tke for the wakes, presented in Figure 4.11, gives another aspect of the rotor

spacing’s effect on the wake. Firstly, comparing the SR70 with the MR7 0.0d indicates that an

MR creates less turbulence in the wake in the measured streamwise range, 2D −10D . At 2D ,

the turbulence level for the SR70 is substantially higher than the MR7 0.0d but at 10D the tke

is almost reduced to MR levels.

Figure 4.11: Lateral wake profiles of the normalized turbulent kinetic energy for the MR7 with
three different rotor spacing; 0.0d, 0.1d, and 0.4d, and the SR70.
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At X = 2D, MR7 0.0d and 0.1d has their highest tke levels behind the side-discs and low

turbulence level behind the center disc. The 0.0d has the highest turbulence peaks. The MR7

0.4d has uniform turbulence level behind the MR area. Downstream at X = 4D the 0.0d and

0.1d configurations have archived uniform tke levels behind the MR area, where the 0.0d

have slightly higher values. The 0.4d configuration has a tke level below 0.02, and is almost

uniformly distributed, only with a slight increase at y/D tot =±0.5. The 0.0d and 0.1d MRs’

tke levels are further reduced at X = 7D but the 0.4d MR’s tke level is still lower. At X = 10 all

three MR spacing are measured to have similar and uniform turbulence levels.

4.1.4 Number of discs

This section investigates the effect the number of rotors in an MRS has on wake development.

Three MR wakes have been measured with a laminar incoming flow; MR4, MR7, and MR19, all

with disc spacing 0.1d. The normalized velocity deficit at streamwise distances of 2D, 4D, 7D,

and 10D plotted in Figure 4.12 and data from the polynomial fits of the plotted measurements

are given in Table 4.2 for the cases. The wakes are compared with the wake of the SR20. At 2D,

the velocity deficit of all MRs is significantly lower than the SR. The velocity deficits for the

MRs are almost similar, but the MR19 shows the lowest deficit. At X=4D the MR7 gives a lower

deficit than the MR4, and the SR still shows the highest deficit. These wake profiles indicate

that a higher number of rotors leads to less velocity deficit. However, at X=7D the SR show the

lowest velocity deficit, the MR4 the second-lowest, the MR7 the third lowest, and MR19 has

the highest. Furthest downstream at 10D, the MR4 and SR are almost similar, while the MR7

and MR19 continue to have a higher deficit.

Note that the MR4 wake is measured in the center in the gap between the discs where high-

velocity jets are found. These high-velocity jets have most likely contributed to a lower velocity

deficit and higher turbulence in the near wake. At X=4D does it occur that one uniform wake

has been formed, and this effect is no longer significant. For the MR4 and SR at X=7D and

X=10D, the wakes appear more mixed and evenly distributed than the MR7 and MR19, which

still show a high deficit area between y/D tot = ±0.5. Another difference between the disc

configurations is the wake widths. The width of the MR4 and SR are relatively similar and

notably wider than the MR7 and MR19 wakes. The MR7 and MR19 have relatively similar

wake widths.
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Figure 4.12: Lateral profiles of the normalized velocity deficit for MR4, MR7, and MR19 with
0.1d spacing, and for the SR20.

Table 4.2 shows that the wake recovery at X=10D for the MR4 and SR are 89.29% and 87.79

%, respectively, and have almost fully recovered to the initial velocity. The MR7 has only

recovered 75.19 %, and the MR19 has recovered as little as 69.22 %.

Table 4.2: Data for the lateral wake profiles based on a 10th-degree polynomial fit for the four
disc configurations MR4, MR7, MR19, and SR20.

Disc
Config.

X/D
Max. normalized
velocity deficit [-]

Wake recovery
percentage

Wake width
Dtot

MR4

2 0.67 32.73 % 1.25
4 0.44 56.11 % 1.11
7 0.26 74.39 % 1.34

10 0.11 89.29 % 1.34

MR7

2 0.70 30.05 % 0.84
4 0.44 55.83 % 0.94
7 0.32 67.55 % 0.97

10 0.25 75.19 % 1.13

MR19

2 0.66 34.28 % 0.86
4 - - -
7 0.41 58.77 % 0.78

10 0.31 69.22 % 0.84

SR20

2 1.14 -14.35 % 1.14
4 0.64 36.42 % 1.10
7 0.26 74.47 % 1.71

10 0.12 87.79 % 2.24
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In Figure 4.13 the lateral normalized tke profiles for the four wakes are presented. The

turbulence level for the MR7 and MR19 are low compared to the MR4 and SR at 2D. Comparing

the MRs at 2D show that an increase in the number of discs reduces the turbulence level. The

MR4 measurements are likely affected by the space between the discs creating the highest tke

level of the four wakes. The space creates higher turbulence due to the shear forces between

the high-velocity flow and discs. At X=4D this effect has diminished due to the wake mixing.

The MR4s tke level has reduced to the level of the MR7, while the SR has the highest turbulence

levels, almost twice the level of the MRs. In the far wake at X=7D and X=10D, the MR7 and

MR19 show similar turbulence levels, and the MR4 and SR show similar levels, which are a

bit higher than the MR7 and MR19. The difference between them is reduced from 7D to 10D

where all four wakes show similar tke levels.

Figure 4.13: Lateral profiles of the normalized turbulence kinetic energy for MR4, MR7, and
MR19 with 0.1d spacing, and for the SR20.

Centerline measurements of the tke for the four configurations are shown in Figure 4.14.

The centerline measurements show that the turbulence fluctuates for the MR4 at x/D tot ≤ 3

due to the mentioned shear forces before the wake mix and the tke level is reduced stably.

For the SR is the turbulence level low at x/D tot = 1 and gradually increasing in the near

wake. This increase is due to the wake mixing and is clearly shown for the SR. The centerline

measurements also show the same far wake picture as the lateral wake profiles regarding the

tke level. The initial tke level of the MR7 and MR19 follow a similar path with the MR19 having

a bit lower turbulence level than the MR7. For these two MR setups, the turbulence is high

initially before rapidly decreasing to the lowest value, before the turbulence starts to increase
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and stabilizes downstream.

Figure 4.14: Centerline measurements of normalized turbulence kinetic energy for the MR4,
MR7, MR19, and SR20.

4.1.5 Wake steering

In this section, measurement results from three types of wake steering, or types of yaw

configurations, of the MR7 with spacing 0.1d will be presented. The disc spacing is the

spacing prior to the disc yaw being added. The three types of yaw are described in detail in

Chapter 3: tower yaw, individual disc yaw, and combined yaw. In addition, the normal, zero

yaw condition, is presented as a reference.

The normalized velocity deficits are presented in Figure 4.15. The maximum velocity deficits

for all four configurations are approximately the same and located around y/D = 0. It is

expected that the yaw will lead to a deflection of the wake, and this is observed for the

individual disc yaw and tower yaw. These two yaw types result in the same deflection towards

the positive side of the y-axis and a similar velocity deficit. However, no measurements of

the tower yaw were measured further out than y/D = +0.5, so it is unclear how the wake

developed in this region. However, as the wakes appear similar on the negative side of the

y-axis, it can be assumed to be similar on the positive side as well. The wake of the zero yaw

configuration is narrower than these two yawed configurations. The configuration with both

the discs and tower yawed, making the discs perpendicular to the incoming flow, creates a

wider wake than the zero yaw condition and can appear almost symmetrical over the positive

and negative y-axis.
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Figure 4.15: Lateral profiles of normalized velocity deficit profiles of the MR7 at X = 2D with; a)
individual disc yaw, tower yaw, and zero yaw, and; b) combined yaw and zero yaw.

The lateral normalized tke profiles presented in Figure 4.16 show that the yaw leads to higher

tke levels on one side and lower on the other. Firstly, regarding the tke levels, the individual

disc yaw and the tower yaw configuration do not follow each other as for the velocity deficit in

Figure 4.15. Most notably are the differences at the peaks. The turbulence level at the positive

y-axis for the individual disc configuration is lower than at the negative and appears just above

y/D = 0.6. On the negative side, the peak appears around y/D = −0.3. For the tower yaw

configuration, the peaks appear at both sides around y/D =±0.4, and the magnitude is not

that different. Compared with the tke peaks for the zero yaw configuration, the tower yaw gives

lower peak tke levels for both peaks. The individual disc and tower yaw configuration also

give peaks around the same location y/D =±0.5. However, the magnitude is quite different,

with the positive side being around the magnitude of the individual yaw configuration and

the negative side the highest peak of them all.
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Figure 4.16: Lateral profiles of normalized turbulence kinetic energy of the MR7 at X = 2D with;
a) individual disc yaw, tower yaw, and zero yaw, and; b) combined yaw and zero yaw.

4.1.6 Effect of Wind Catching Systems frame

To see how much a second frame structure would affect the wake behind a MR the MR7 has

been compared with the WC7 in Figure 4.17 and 4.18, both with spacing 0.1d. At first glans

the differences between the two are minuscule. However, the WC7 do have slightly higher

velocity deficit at 2D and 4D around y/D = 0, observed in Figure 4.17. At 10D, no significant

difference can be observed.

Also, for the tke level is the difference most notable in the near wake at X=2D. The MR7 has a

higher maximum turbulence at y/D =±0.5, and also the lowest turbulence around y/D = 0.

In the far wake at X=7D and X=10D no distinct difference are noted.
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Figure 4.17: Lateral profiles of the normalized velocity deficit for the MR7 and WC7 with 0.1d
spacing.

Figure 4.18: Lateral profiles of the normalized turbulence kinetic energy for MR7 and WC7
with 0.1d spacing.
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4.2 Discussion

In Sec. 4.2 will the results presented in Sec 4.1 be further discussed and put into context

with previous experimental and computational results. The results for the MR and SR wakes

are presented with normalized values without denomination. The way wake measurements

are best presented is a discussion on its own. Especially the definition of the downstream

distances. The lateral wake profiles have been measured at downstream distances defined by

D, the diameter of the discs, while the actual diameter of the MRs with different spacing are

D tot . The influence of this difference will be broth up later in this section to shed light on the

difference that could lead to when comparing MR wakes.

4.2.1 Turbulence grid

The characterization of the wake generated by the turbulence grid gave an essential under-

standing of the flow the disc setups experience. The results also showed key phenomenons

related to wake development with wake mixing, recovery, and blockage effect. At 2.0 m, the

visible jet streams behind the grid had dissolved, and the wake had a uniform velocity and

turbulence level behind the grid area.

For the downstream location of 2.0 m two fundamental values were defined; the average

velocity of 0.337 m/s and average TI of 10.7 %. Especially the definition of the velocity will

affect later results when the disc setups in laminar and turbulent flow are compared, as this

velocity normalizes the turbulent measurements. Interestingly the averaged values for the

velocity and tke at 2.0 m are shown to vary from the measurements at 2.5 m which generally

are more similar to the other measurements both up and downstream (see Figure 4.3). If the

defined velocity from 2.0 m is correct is therefore uncertain. Generally, more time might have

been used to investigate the downstream distance around 2.0 m.

A higher velocity, less turbulent flow is observed outside the grid area. This high velocity flow

are highest at 2.0 m and have reduced at 10.0 m, while the velocity behind the grid area has

increased during this distance, showing signs of the wake mix and recover. It is troublesome

that the grid does not cover the whole width; however, the disc wake measurements show

signs of this having a low effect on the disc setup wake developments. The wake created by

the discs is stronger than the grid, and the recovery of the grid wake is almost insignificant.

The SRs in laminar and turbulent flow are good examples (see Figure 4.5), where the two
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wakes show similarities between y/D =±1 at X = 7D; however, further outwards, the effect

of the higher velocity is evident as the velocity deficit is below zero for the turbulent wake.

At X = 10D, the wakes deviate closer to the wake center at y/D = ±0.5, indicating that the

higher laminar flow most likely influences the far wake outside the disc setups edge with

the higher velocity mixing further and further toward the wake center. The outside velocity

are therefore believed to only affect the outer edge of the wake in the far wake. Figure 4.2

emphasizes this point as the center velocities at 10.0 m are similar to the velocities at 2.0 m

for the grid measurements, while the outer measurements are not.

The grid characterization was conducted at 50 cm depth, while the center of the disc setups

was located at 100 cm. This difference could lead to a higher velocity mixing for the wake due

to high-velocity flow passing under the grid. The measurement depth of 50 cm was chosen

at an early stage of this thesis and measurement campaign, and at that point, the ADV was

not configured to measure any deeper. Løken et al. [43] did depth measurements of the

streamwise velocity with an Acoustic Doppler Current Profiler (ADCP) at 2.5 m behind the

grid at 0.4 m/s. These depth measurements did not show any signs of an increase in the

velocity at a depth of 80 cm and that 50 cm was deep enough for the measurements not to be

influenced by the free-water surface. However, there is reason to believe that in the far wake

the high-velocity flow passing under the grid mix into the wake. For the grid geometry, there

is no difference between 50 cm and 100 cm as the grid geometry are similar; however, how

the high velocity from underneath the grid might affect the wake at these depths is uncertain

and could play a significant role in the results.

With a TI of 10.7 %, the turbulence level is a bit higher than the turbulence level in the

computational models by Ghaisas et al. [13], and Bastankhah and Abkar [9] of 8.0 % and 6.7

%, respectively. These are turbulence levels typical to find in the ABL.

4.2.2 Effect of turbulence

Looking at the SRs and MR7 in the two different inflow conditions, the first observation is

the different reactions to the presence of turbulence. The normalized velocity deficit of the

SR is significantly lower when turbulence is present in the incoming flow at 2D and 4D (see

Figure 4.5). At the same time, the deficit of the MR7 is barely different. The lower velocity

deficit is likely due to a faster initial wake recovery in a turbulent flow for the SR as a higher
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turbulence level leads to higher mixing between the wake and the surrounding flow. In the

laminar inflow, the vortices created by the disc needs time before they start to dissolve and

transporting the surrounding flow into the wake. At 7D the vortices behind both SRs are more

similar and contribute similarly to the wake recovery meaning the inflow turbulence has its

biggest effect in the near wake. The tke levels (see Figure 4.6) show that the turbulence level

for the turbulent wake is high both in the wake center and around the disc edge, while the

laminar wake has a lower turbulence level at wake center than at the disc edge. In the far

wake, the turbulence level for both wakes are evenly spread and with similar normalized tke

levels supporting the statement that the wake thereby recovers similarly.

The different reactions the SRs and MR7 have regarding the velocity deficit is due to the

disc spacing in the MR7, which enables the MR wake with more available high-velocity

flow through the spacing. The only higher velocity can come from outside the wake for the

SRs, while the MR7 has high-velocity jets passing through the space in-between the discs.

Therefore, is the mixing effect caused by the turbulent inflow not that significant as it was for

the SRs. The strongest vortices for the MR7 is generated at the MR edge, and the turbulence is

lower towards the center, which is similar for both laminar and turbulent inflow. Downstream,

the velocity deficit is a bit lower for the laminar wake than the turbulent wake, most likely

caused by the normalized tke level being a bit higher, leading to better mixing.

The centerline measurements for normalized velocity deficit clearly show how the MR7s’

velocity are closer to each other than the SR values in the near wake (see Figure 4.9a). The

turbulent SR wake starts recovering rapidly already from x/D tot = 1, while the laminar SR

wake archive the same recovery rate after x/D tot = 2.5. The MR7 wakes are closest initially in

the wake and start separating from x/D tot = 4. The SR centerline curves follow each other,

and the MR7 centerline curves follow each other. The laminar wakes show the highest velocity

deficit in the far wake for both the SR and MR7. The same can be seen for the normalized tke

centerline curves (see Figure 4.9b). For the SR increases the tke until a downstream distance

of x/D tot = 4 before reducing. It is evident that at the centerline is the initially normalized

tke significantly higher for the turbulent wake than the laminar, emphasizing the reason for

the lower velocity deficit at 2D. The MR7 wakes both start with a high turbulence level at

the center, which reduces until reaching the downstream distance of x/D tot = 2.5, where the

turbulence slightly increases before stabilizing. The normalized tke levels for the turbulent

wakes are a bit higher than the laminar counterpart.
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The measured normalized velocity deficit profiles for the MR7 with different spacing in

turbulent flow (see Figure 4.10) are compared with the same profiles measured by Jørs and

Mjåtveit [41] in laminar flow. The comparison shows similar normalized velocity deficits for

different disc spacings for all four downstream distances. For the normalized tke levels, the

only difference is a slightly higher normalized tke at X = 10D . This comparison backs up the

similarities between an MR in a laminar and turbulent flow and that it is independent of the

spacing. Summarized, experimental wake investigations of MRS show that laminar incoming

flow gives similar normalized velocity deficits as with turbulence present. In contrast, the

incoming flow condition affects the SR wakes more.

4.2.3 Effect of multirotor disc spacing

In the design of an MR, the effect from rotor spacing is a parameter that might lead to positive

MR effects for the energy production [9, 14]. Bastankhah et al. [9] investigated three spacings

of 0.0d, 0.1d, and 0.25d. Their computational model showed no difference in the far wake but

indicated that the velocity recovered initially faster with larger spacing for the rotor-averaged

velocity. The LES showed no difference in the MR4s power production for the different rotor

spacings. The measurements conducted used the same spacing, but with 0.4d instead of 0.25d,

to investigate if this led more (see Figure 4.10). The turbulent incoming flow measurements

gave similar results as the computational models [9]. Comparing the measurements with the

same measurements in laminar flow conducted by Jørs and Mjåtveit [41] shows no significant

difference.

The measurements (see Figure 4.10 and 4.11) show that an increasing disc spacing leads to

lower velocity deficit and lower turbulence level in the near wake. The velocity deficit is higher

as more high-velocity flow is present due to the gap between the discs. However, as the wakes

move downstream, the wakes with less disc spacing recover faster, and at 10D downstream,

the velocity deficit is similar for all cases, with the 0.4d being the highest.

The downstream distance of the lateral wake profiles is defined by D. As the spacing increase,

so does the total diameter, D tot . If the wakes are compared with the same downstream

distance D or a downstream distance dependent on the setups D tot creates two different

pictures. The difference in downstream distance for these two methods for the MR7 0.4dis

very significantly affected by this. In Figure 4.19, 4.20, and 4.21, lateral wake measurements
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at 4D, 7D, and 10D conducted by Jørs and Mjåtveit [41], and at -0.4D, 0.4D, 1D, 1.4D, 2D,

and 3D measured together with Koi [42], are combined in an interpolated contour plot and

the downstream distances are defined with D tot . These results show that when comparing

the disc setups concerning each setup’s total diameter, the 0.4d spacing has the best wake

recovery.

The higher velocity jets are present for all three distances, but with increased spacing, the jets

last longer into the wake downstream before they dissolve. For the 0.0d wake (Figure 4.19), a

higher velocity field is present between the three separated wakes, even though there is no

spacing between the discs, and is most likely due to the triangular spaces in each quadrant

corner for the center disc. High-velocity jets are formed through these spaces and expand

downwards towards the horizontal center leading to the observed higher velocity field.

The 0.1d wake (Figure 4.20) has narrower, higher velocity jets than the 0.0d. In the far wake,

the 0.1d shows lower velocity than the 0.0d, and the 0.0d appear more uniform and more

recovered. With spacing 0.4d the higher velocity jet is wider and starts dissolving later. In the

far wake the 0.4d has recovered the most around 7.9D tot compared with the 0.0d and 0.1d.

For all three spacings are the generation of three separate wakes observed, and these mixes

and recover, forming one uniform wake, confirming previous findings [9, 11]. All MR7 setups

form the uniform wake around 3D tot . However, the results obtained from the measurements

show that the wake velocity is affected by the disc spacing. A slight wake expansion is visible

in the far wake and is more evident for the shorter disc spacing.

Figure 4.19: Contour plot of normalized velocity in the wake of a MR7 with spacing 0.0d.
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Figure 4.20: Contour plot of normalized velocity in the wake of a MR7 with spacing 0.1d.

Figure 4.21: Contour plot of normalized velocity in the wake of a MR7 with spacing 0.4d.

An increase in disc spacing gives a lower velocity deficit and lower turbulence in the near

wake. This initial low velocity deficit leads to a faster recovery, at least with the largest

spacing, but the 0.1d showed a slower wake recovery than 0.0d. Low turbulence in the flow

and a fast wake recovery achieved with larger spacing is interesting as it is preferred with

downstream turbines. However, a larger disc spacing has disadvantages as the total area

taken up by the structure increases without increasing the swept area and without allegedly

resulting in a power production increase. Thus, the choosing of disc spacing should be done

in consideration when designing a wind farm to optimize the output of the combined wind

farm.
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4.2.4 Number of discs

The number of rotors in an MRS is a crucial parameter in the design and it is essential to

investigate how an increase in the number of rotors affects wake development. Comparing

the SR, MR4, MR7, and MR19, the velocity deficit in the near wake is not significantly affected

by an increased number of rotors. All MRs show a significantly lower velocity deficit than the

SR (see Figure 4.12). At 4D, the velocity deficit is lower with a higher number of rotors, but

this changes further downstream. At both 7D and 10D, the SR and MR4 have a lower velocity

deficit than the MR7 and MR19. A higher number of discs at these two downstream distances

leads to a lower wake velocity. The recovery for a higher number of discs is therefore lower. As

for the case of rotor spacing, the use of D to define the downstream distances is suspected

to affect these results as well. To investigate the hypothesis centerline measurements for

the normalized velocity deficit are presented in Figure 4.22 with a) the downstream distance

dependent on D tot and b) dependent on D. However, the difference in the 8-10 region on the

x-axis for the two presentations is insignificant.

Figure 4.22: Centerline measurements of the normalized velocity deficits of the SR, MR4, MR7,
and MR19 with the x-axis dependent on a) x/D tot and b) x/D.

The lateral normalized tke profiles (see Figure 4.13) show that the SR and MR4 have signifi-
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cantly higher tke levels than the MR7 and MR19. It is observed that a higher number of discs

leads to lower turbulence at 2D. The SR has the second-highest tke level and the MR4 the

highest. The MR4 has been measured to the highest turbulence probably because the mea-

surements are conducted in the space between the discs where the high-velocity jets induce

high turbulence. At 4D, the SR has the highest turbulence. The MR7 and MR19 continue to

have the lowest turbulence level downstream, and at 10D all four setups have almost the same

turbulence level.

As turbulence is an important reason for wake recovery, it can be argued that the lower wake

turbulence generated by a higher number of discs makes the wake recover slowly. Even though

the turbulence is similar at 10D, the low initial turbulence seems to affect the whole wake

downstream. In the space between the discs, smaller length-scale vortices, compared to the

vortices created from the disc edge, are believed to be created, and for the increased number

of discs, these eddies get relatively smaller.

One uncertainty is regarding using the 10 cm porous disc and whether it behaves similarly to

the 20 cm disc. Øye [40] investigates the difference between the 20 cm and 70 cm porous disc

and shows that these discs created similar relative wakes. Therefore, it is assumed that this

would apply to the smaller 10 cm porous disc.

The defined wake widths (see Table 4.2) from the polynomial fitted curve show that the

wake width of an MRS is narrower than an SR at all downstream distances. The number of

rotors also seems to result in a lower wake expansion. However, the method for wake width

definition might not be a suitable representation of this.

Bastankhah and Abkar [9] investigated the effect of a higher number of discs with LESs,

comparing an SR, MR2, MR4, and MR7, with 0.1d disc spacing. The rotor-averaged velocity

deficit converged to the same velocity around 10D. The initial velocity deficit at 2D was found

to reduce with an increased number of discs, confirming the findings from the measurements.

At 5D, the MRs converged to the same velocity deficit while the SRs were still higher. Their

lateral velocity deficit profiles showed that at 7D and 10D a higher number of discs led to a

higher maximum velocity deficit, similarly to what was found in the measurements in the far

wake.

Presented in Table 4.3 are the maximum normalized velocity deficits for the measurements

from Table 4.2 and approximate values from the LES by Bastankhah and Abkar [9]. The results
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are obtained with two completely different methods with different boundary conditions, and

the experimental results were not meant to be used as a direct comparison. However, they

could give insight into the overall patterns. At X /D = 2, the measurements and LES show that

the SR’s normalized velocity deficit is highest. The normalized velocity deficit reduces with an

increasing number of rotors for the LES, while the measurements give a more similar velocity

deficit for the different number of rotors. In the far wake, the two methods show the same

pattern. The velocity deficit of the SR and MR4 are similar, while the velocity deficit of the

MR7 and MR19 is the highest. At x/D = 10, the pattern is that a higher number of discs lead

to a higher maximum normalized velocity deficit.

The statement that an MR wake recovers faster than an SR might not be completely accurate

from the presented findings. The measurements suggest that initially, the MR wakes recover

faster or at least have a lower velocity deficit with a higher number of discs. However, the wake

recovery from 2D does not seem to improve with a higher number of discs, and the velocity

deficit is higher with a higher number of discs at 7D and 10D, which could be a disadvantage

regarding downstream turbines. Regarding the turbulence in the wake, a higher number of

rotors significantly reduced the initial turbulence, which is advantageous for downstream

turbines as it reduces fatigue loads. However, the low turbulence is believed to cause the slow

wake recovery. Furthermore, Bastankhah and Abkar [9] found that a higher number of rotors

increased the power production, and Jameson et al. [8] stated that it would reduce the overall

cost. Therefore, choosing the number of rotors should include the power production and cost

for optimizing the MR turbine design and consider the wake effects in a wind farm situation.

Table 4.3: Maximum normalized velocity deficit at the four downstream distances for the
polynomial fitted measurement curves for laminar and turbulent flow and approximately
maximum from the LES, and linear superposition, by Bastankhah and Abkar [9]. The linear
superposition gave similar wakes as the LES for the other wakes, and is therefore also included.

Disc con.fig. Method
Max. normalized

velocity deficit
X/D=2 X/D=4 X/D=7 X/D=10

SR
Polynomial fitted curve 1.14 0.64 0.26 0.12
LES 0.65 0.55 0.30 0.20

MR4
Polynomial fitted curve 0.67 0.44 0.26 0.11
LES 0.55 0.35 0.23 0.18

MR7
Polynomial fitted curve 0.70 0.44 0.32 0.25
LES 0.46 0.39 0.30 0.21

MR19
Polynomial fitted curve 0.66 - 0.41 0.31
Linear superposition 0.35 0.30 0.28 0.23
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4.2.5 Wake steering

The wake measurement acquired for the yawed conditions indicates what can be expected by

an MR. Firstly, yawing the individual discs or just the tower would deflect the wake similarly,

at least in the measured near wake at the downstream distance X = 2D (see Figure 4.15a).

The maximum normalized velocity deficits between the two yaw configurations and the zero

yaw configuration show no significant difference, and the yawed wakes are wider. For the

normalized tke, the two yawed configurations result in different tke peak levels at different

lateral locations (see Figure 4.16a). A difference between the two configurations is that the

tower yaw moves the outer disc edges more away and closer on each side than the individual

disc yaw. So between the velocity deficit and tke measurements, the turbulence is more

evidently affected by this difference. Therefore, is the tke peak not occurring at the same

location for the two configurations. The disc yaw creates a lower turbulence level at the side

that the wake is deflected towards, while the opposite peak is higher. The tower yaw shows a

turbulence peak closer to the wake center at the side the wake is deflected towards, and the

opposite peak has a similar level. The tower yaw shows a similar turbulence level as the zero

yaw, and the individual yaw has lower on one side and higher on the other.

With LES, Speakman et al. [27] investigated the wake behind an MR4 configuration with

individual yaw of 30 degrees. The nearest wake cross-section presented was X = 4D. The

LES showed a significant difference between the no yaw and individual yaw at X = 4D , where

the former showed a maximum velocity deficit of ≈ 0.32 and the latter ≈ 0.22. The difference

between these simulations and the measurements could be due to the different yaw angles,

the number of discs, and downstream distance.

The third yaw configuration measured was the combined yaw. The combined yaw led to the

discs being faced perpendicular to the flow with an offset between the discs’ planes. The

maximum normalized velocity deficit of the combined yaw is similar to the zero yaw (see

Figure 4.15b), and the wake generated seems a bit wider but not deflected to either direction.

For the normalized tke (see Figure 4.16b), the combined yaw creates two peaks located outside

of the peaks of the zero yaw. Like the individual disc yaw, the combined yaw has one peak

having a lower tke peak than the other.

A clear picture is hard to achieve with just one lateral wake profile of the yawed conditions.

The lower normalized tke levels at one side for the individual disc yaw and combined yaw
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are believed to be caused by the discs being closer to the measurement point than on the

opposite side, resulting in lower turbulence. On the other hand, it could be caused by the

angle the disc edge at each side is facing. For one side, the edge is sharply angled against the

flow, or wake expansion direction, while the other side is angled with the flow’s expansion

direction. These angles might lead to different vortices being shed from the disc edges.

New possibilities for wake steering and altering the wakes’ appearance could be something

for MR turbines to take advantage of in wind farm situations [27]. An MR7 does not seem

affected by the different yaw or angle of the incoming flow regarding the velocity deficit. The

measurements do not indicate the effect the yaw configurations have on the turbine power.

However, Speakman et al. [27] investigated the combined power output of two yawed MR4s

aligned in the streamwise direction and concluded that in a wind farm situation, MR yaw

configuration might lead to increased total power output for the combined wind farm.
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4.2.6 Multirotor tower structure

For a potential commercialized MRS, the turbine structure will be an essential part with

many challenges and unanswered questions. The design of the turbine structure is not a topic

investigated in this thesis but is interesting. Essential factors in the design are structure design,

yawing mechanism, rotor setup, and interaction between the structure’s natural frequency

and rotors. However, one aspect of an MR structure concerning the wake development has

been explored with an additional support structure, added in the streamwise direction.

The results for the additional support structure (see Sec. 4.1.6) did not show any signifi-

cant differences compared to one single frame. Only minor differences were present for the

normalized velocity. The slight difference indicates that adding support structures in the

streamwise direction should not significantly impact the wake development. The minor dif-

ferences observed could be caused by random or systematic errors like the manual mounting,

measurement distance, and the added support rods to the carriage for the WC7. The added

support structure does not increase the blockage area on the flow as it is similar to the first

frame structure. However, additional support in the plane area experienced by the flow could

lead to more significant impacts on the downstream wake, increasing the blockage.
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Conclusion

In this thesis, several multirotor (MR) wakes induced by model scale porous discs have been

experimentally measured in a towing tank. The effect of many MR design parameters has

been explored with a particular focus on a setup of seven rotor discs (MR7).

Firstly, a turbulence grid’s ability to generate a turbulent incoming flow for the MR setups was

characterized. The results showed that at 2.0 meters downstream distance, the grid generated

a turbulence intensity (TI) of 10.7 %. It was also observed that a high-velocity flow with low

turbulence was present outside the grid area. Further downstream, a shear layer between the

low turbulence and high turbulence flow was observed to mix the two flows.

Then, the difference in wake development between laminar and turbulent inflow for a single

rotor (SR) and an MR7 was explored. For the MR wake, no significant difference was observed

when exposed to different inflow conditions. However, the SR showed a lower normalized

velocity deficit in the near wake with turbulent inflow, and in the far wake, both inflow

conditions recovered to similar wake velocity. These results indicated that the rotor-added

turbulence produced around the individual rotors in a MR setup dominates the incoming

turbulence. This is not the case for SR, where the turbulence is mainly produced around the

disc edges.

When comparing an SR wake with MR wakes, the MR wakes were shown to have a lower initial

velocity deficit and lower turbulence level in the near wake. However, as the wake moves

downstream, the SR wake recovers faster than the MR wakes and has a lower velocity deficit

at 10D downstream.



82 CHAPTER 5. CONCLUSION

Moreover, the effect of inter-rotor spacing on the wake was investigated. The three spacings of

s = 0.0d, 0.1d, and 0.4d were investigated. The definition of the downstream reference length

with either D or D tot was shown to have a significant impact when increasing the disc spacing,

where D = 3d and D tot = 3d +2s for the MR7. For D, an increase in spacing led to a lower

velocity deficit and a narrower wake in the near wake. At 4D, the three wakes are already quite

similar, and at 10D, the largest disc spacing is showing the highest velocity deficit. When the

wakes were compared with their relative downstream distance, D tot , the results showed a

different picture. The largest spacing led to a significantly faster wake recovery. In the far

wake, it was more recovered than the two other wakes. For spacings of 0.0d and 0.1d, the

results show a slightly lower velocity deficit in the far wake for spacing of 0.0d. The overall

turbulence level was reduced with increased spacing.

Furthermore, the wake behind three MRs with a different number of discs, the MR4, MR7,

and MR19, was compared. In general, the increase in the number of discs led to a lower

velocity deficit and lower turbulence level in the near wake. However, the higher number of

discs led to a higher velocity deficit in the far wake. This slow recovery was likely caused by

the low initial turbulence and small vortices, which reduced the wake’s ability to transport

high-velocity flow into the wake. In contrast to that, larger turbulent vortices generated by

an SR and MRs with fewer discs lead to a faster recovery. The higher velocity deficit in the

far wake could potentially be a disadvantage for an increased number of rotors, and the low

turbulence in the wake is an advantage.

Moreover, the near wake of an MR7 setup in different yaw configurations was investigated. The

results indicated that the MR wakes were slightly altered in the different yaw configurations,

but the maximum velocity deficit was similar for all cases. Additionally, the wake with an

additional support structure was compared with a similar MR without the structure. The

results did not show any significant effect on wake development.

Overall, the obtained results show interesting findings on the development of an MR wake

and how the wake is affected by different design parameters. Multirotor system’s wake can

potentially have some advantages in tightly-spaced wind farm situations.
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Suggestions for Future Work

This thesis has investigated the wake effects for isolated multirotors, which leaves many

unanswered questions regarding the MRs power production and the wake development in

wind farm situations. More detailed investigations of the near and early far wake might give

further insight to fully understand what wake effects are occurring and where they are located.

In addition, using a particle image velocimetry could give a more detailed picture of the

vortical structures present in the wake.

Prior studies have been done with an array of SR porous discs at MarinLab. Comparing these

results with an array of MR units with varying spacing could be interesting to see if they behave

differently than an array of SRs. However, there is a limit to the number of setups that can be

investigated with physical investigations. Therefore, computational models are suggested to

investigate the best MR design regarding power production and wake development for future

work.

Eventually, how the turbine power is affected by different MR designs must be investigated on

a model featuring rotating blades. This investigation could be done by using computational

models based on the physical measurements obtained at MarinLab with the porous discs and

obtaining data on energy production. For physical measurements, wind tunnel experiments

are recommended over experiments in water due to the lower requirements required for the

turbine equipment.
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