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Abstract

Understanding turbine loads and flows around turbines is essential for maximising power output
and designing suitable support structures. In laboratory turbine investigations, actuator discs
are commonly used to represent rotating turbine rotors due to the complexity of constructing
and controlling model turbines. Further research on actuator discs is needed, as it is still being

established how well the wake of a rotating turbine can be represented by using these discs.

In this thesis, experimental investigations of two porous actuator discs with diameters of 0.7 m
and 0.2 m have been conducted in the MarinLab towing tank at Hagskulen pa Vestlandet under
laminar inflow conditions. The disc setups are different, as only the largest disc is mounted with
a nacelle. The aim is to assess whether actuator discs can be used to represent the wake of a
turbine. Furthermore, tower, nacelle and potential blockage effects are investigated.
Measurement equipment such as an acoustic Doppler velocimeter and two strain gauge load
cells are used to measure the flow velocities in the wake and the axial force on the discs,
respectively. These data are processed to create profiles of velocity deficit and turbulence
kinetic energy, and to determine the thrust coefficients of the actuator discs.

A slightly higher thrust coefficient was found for the largest disc, probably due to its larger
blockage ratio. The half-wake width development downstream of the discs was shown to be
similar except at the furthest downstream position, where the wake expansion of the largest disc
was constrained by the tank side walls. The results from the conducted experiments indicate
that the velocity deficit in the far wake of actuator discs follows a self-similar Gaussian curve

if the disc wake is unconstrained by bounding surfaces.

Recirculation regions were observed in the near wake of both actuator discs, which does not
correspond with a turbine wake. Vertical velocity profiles were shown not to be symmetric
around the disc axis, as expected due to the presence of a tower. A faster wake recovery was
observed for the largest disc, which was apparent both from a smaller velocity deficit in the
wake and a faster breakdown of the disc edge vortices compared to the other disc. The faster
wake recovery could be associated with the significantly higher turbulence level observed in
the near wake of the largest disc, likely caused by the nacelle. The results of this thesis indicate
that actuator discs can effectively represent the far wake region of a rotating turbine.






Sammendrag

A forstd turbinbelastninger og stremninger rundt turbiner er avgjerende for & maksimere
energiuttaket og utforme passende stattestrukturer. | laboratorieturbinundersgkelser brukes ofte
aktuatordisker for & representere roterende turbinrotorer pa grunn av kompleksiteten ved a
konstruere og kontrollere modellturbiner. Videre forskning pa aktuatordisker er ngdvendig,
siden det fortsatt er usikkerhet med tanke pa hvor godt vaken til en roterende turbin kan

representeres ved bruk av slike disker.

| denne oppgaven er det utfart eksperimentelle undersgkelser av to porgse aktuatordisker med
diametere pa 0.7 m og 0.2 m i MarinLab slepetanken ved Hggskulen pa Vestlandet under
laminaere innstremningsforhold. Diskoppsettene er forskjellige, da kun den sterste disken er
montert med en nacelle. Malet er & vurdere om aktuatordisker kan brukes til a representere
vaken til en turbin. Videre undersgkes tarn-, nacelle- og potensielle blokkeringseffekter.
Maleutstyr som en akustisk Doppler hastighetsmaler og to strekklapp-lastceller brukes til & male
henholdsvis stremningshastighetene i vaken og aksialkraften pa diskene. Disse dataene
prosesseres for a lage profiler for hastighetsunderskudd og turbulent kinetisk energi, og for a

bestemme skyvekraftskoeffisientene til aktuatordiskene.

En noe hgyere skyvekraftskoeffisient ble funnet for den starste disken, sannsynligvis pa grunn
av dens starre blokkeringsforhold. Utviklingen av halvvakebredden nedstrems for diskene ble
vist & veere lik bortsett fra ved den lengste nedstrgmsposisjonen, hvor vakeekspansjonen til den
starste disken ble begrenset av tanksideveggene. Resultatene fra de utfgrte eksperimentene
indikerer at hastighetsunderskuddet i fjernvaken til aktuatordisker falger en egenlik
Gauss-kurve hvis vaken til disken er ubegrenset av avgrensende flater.

Resirkulasjonsregioner ble observert i narvaken til begge aktuatordiskene, noe som ikke
samsvarer med en turbinvake. Vertikale hastighetsprofiler ble vist a ikke vaere symmetriske
rundt diskaksen, som forventet pa grunn av tilstedeverelsen av et tarn. En raskere
vakegjenoppretting ble observert for den sterste disken, noe som viste seg bade fra et lavere
hastighetsunderskudd i vaken og en raskere nedbrytning av disk-kantvirvlene sammenlignet
med den andre disken. Den raskere vakegjenopprettingen kan veaere assosiert med det betydelig
hgyere turbulensnivaet som ble observert i neervaken til den starste disken, sannsynligvis
forarsaket av nacellen. Resultatene fra denne oppgaven indikerer at aktuatordisker effektivt kan

representere fjernvaken til en roterende turbin.
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1 Introduction

1.1 Background

Global warming is an increasing threat to the world that can only be managed through a
collective effort. The Paris Agreement [1] ensured commitment from all involved countries to
reducing greenhouse gas emissions substantially so that the global average temperature increase

is limited to well below 2 °C above pre-industrial levels.

The International Energy Agency (IEA) [2] reported a growth in global energy consumption of
2.3% in 2018, nearly twice the average growth rate since 2010. A doubling of the global energy
demand is expected over the next decades as the population of the world increases [3]. Today,
renewable energy production is not sufficient to solely cover the high energy demand of the
world. The “Renewables 2019 Global Status Report” [4] published by REN21 states that
renewable energy accounted for 18.1% of the total final energy consumption worldwide in
2017. Further development in the renewable technologies is therefore essential in the transition
from fossil fuels to renewable energy. In this transition, wind energy is expected to have a

significant role [5].

Wind turbines extract kinetic energy from wind and converts it into electricity. Wind energy is
one of the fastest-growing renewable energy sources worldwide [6]. The total global wind
power capacity was doubled over the period from 2014 to 2020, reaching a total global capacity
of 743 GW in 2020 [7]. The Global Wind Energy Council (GWEC) [8] estimates an additional
wind power capacity of 557 GW over the period from 2021 to 2026, i.e., more than 110 GW
each year. In order to stay on the path towards net-zero emissions by 2050, this growth needs
to quadruple by the end of the decade according to GWEC [8].

Turbines can also be used to generate power from the tides. However, energy production from
tidal turbines is not as established as wind turbines. Tidal energy represents a small share of the
renewable energy market [7]. Currently, the cost of tidal energy is relatively high compared to
other renewables, such as wind and solar. However, tidal energy is steadily advancing towards
commercialisation as costs are reduced. Further research on tidal turbines is necessary if this
energy source is to become an important part of the energy system of the future. A study by

Lande-Sudall [9] investigated co-location of offshore wind and tidal stream turbines as way to

1



increase the power output and reduce the cost of electricity compared to either technology

alone.

1.2 Need for further research

Understanding turbine loads and flows around turbines is essential for maximising power output
and designing suitable support structures. This is particularly important in regard to wind farms
and tidal stream arrays, where interactions between turbines affect the overall efficiency of the
farm and the loadings on each turbine [10]. The wake flow of turbines, which is characterised
by a velocity deficit and an increased turbulence level, plays a major role in this context.
Although extensive research has been devoted to this topic, further research is needed to

improve this knowledge.

Excellent predictions of turbine loads and wakes can be achieved through numerical modelling
tools, such as computational fluid dynamics (CFD) and blade element momentum (BEM) [11].
However, these results have no value without validation against real data. Conducting
experiments on full scale turbines is often infeasible. As such, turbine investigations are
generally performed in wind tunnels or water tanks with downscaled model turbines. Various
conditions, such as incoming flow velocity, turbulence level and blockage, affect the loadings
and performance of turbines [12]. Conducting experiments in the well-controlled environment
of a wind tunnel or a water tank enables more accurate investigations of the effects of such

conditions.

Actuator discs are commonly used in laboratory experiments to represent rotating turbine rotors
due to the complexity of constructing and controlling model turbines [12]. It is still being
established how well these discs are able to capture the characteristics of a rotating turbine.
Therefore, more research on actuator discs is needed. Generally, actuator discs are shown to
effectively represent the mean flow characteristics of turbines in the far wake region. In the near
wake, discrepancies are found between discs and turbines, particularly in the areas which are
strongly affected by the turbine rotation. An experimental study by Helvig et al. [12] found that
actuator discs can capture mean flow properties of rotating turbines adequately, however the

discs are not suited for capturing instantaneous phenomena in the wake.



Multiple studies have demonstrated that the power and thrust coefficients of turbines are
significantly increased when blockage ratios, i.e., the ratio of turbine swept area to cross-
sectional area of a confined channel, exceed 5-10% [13-15]. The blockage ratio of the two
actuator discs regarded in this thesis, with diameters of 0.7 m and 0.2 m, is 5.8% and 0.5%,
respectively. Accordingly, blockage effects could potentially be significant for the 0.7 m

diameter disc, and so this will be investigated.

A three-bladed horizontal-axis hydrokinetic turbine with a diameter of 0.7 m is under
development at the Western Norway University of Applied Sciences (HVL). Experimental data
from the 0.7 m diameter actuator disc regarded in this thesis will therefore be valuable for
comparison with this turbine to assess how well the actuator disc represents the turbine. The
actuator disc experiments will also reveal whether blockage effects should be accounted for

when conducting experiments with the HVL turbine in the future.

1.3 Aim of thesis

This thesis will investigate the wake flow and thrust coefficient of two different actuator disc
setups through physical testing in the MarinLab towing tank at HVL. The aim is to assess
whether porous actuator discs can be used to represent the wake of a turbine. Herein, the disc
diameter and its effect on the wake flow, will be investigated. Specifically, tower, nacelle and

potential blockage effects are studied.






2 Theory

2.1 One-dimensional momentum theory

One-dimensional momentum theory is a model for investigating the effects when fluid passes
through a turbine rotor [16]. In this model, the turbine rotor is represented by an ideal actuator
disc, which simplifies the calculations considerably. Actuator discs have no blades and no
rotation, as opposed to turbine rotors. Therefore, the wake of a disc will have no tip or root
vortices caused by vortex shedding from blades, and the wake will experience no rotation.
Actuator discs are further described in chapter 2.2. Using an ideal disc representation of a

turbine means that the following assumptions must be made for the model to be valid:

e The fluid flow is homogenous, frictionless, steady and incompressible.

e The thrust over the disc/rotor area is uniform.

e The flow outside the stream tube is not affected by any other forces.

e There is no rotation in the wake.

e Both far upstream and far downstream of the disc/rotor, the static pressure is equal to

the undisturbed ambient static pressure.

Applying one-dimensional momentum theory, the power output and thrust force of a turbine

rotor can be estimated using equations that will be derived in this chapter.

Effects on flow when passing through an actuator disc

Figure 1 [17] illustrates the effects of an actuator disc on the fluid flow as it passes through the
disc. The flow experiences a velocity deficit as is passes through the disc. The flow velocity is
reduced from the far upstream flow velocity, Uo, to the velocity in the disc plane, Up, and is
further reduced to the wake velocity, Uw, downstream of the disc. A pressure drop across the
disc can also be observed in figure 1. The pressure far upstream of the disc, po, increases to pp*
as the flow approaches the disc. When the flow passes through the disc, there is a significant
pressure drop, Ap, from pp* to po. As the flow moves further downstream of the disc, the

pressure increases until it recovers its original value, po, far downstream of the disc.
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Figure 1: Representation of the effects when fluid passes an actuator disc [17].

The assumption of a frictionless, steady and incompressible flow, unaffected by any forces
outside the stream tube, enables the Bernoulli equation to be applied separately to the upstream

and downstream sections of the stream tube [17].

Thus, the following equation can be derived for the upstream section of the stream tube:

%pUé +po = %pUé +p5 -
where p is the density of the fluid.
Similarly, for the downstream section:
%pUﬁ +pp = %pUﬁv + Do 22
Combining equations (2.1) and (2.2) yields the pressure drop across the disc, Ap:
(2.3)

1
Ap = pp —pp = 5p(Us = Uy)
The assumption of a steady flow means that conservation of mass applies for the stream tube.
Thus, the mass flow rate, m, must be equal in all the different sections of the stream tube, which

yields:

m = pAgUy = pApUp = pAy Uy (2.4)
where Ao, Ap and Aw are the cross-sectional areas of the stream tube upstream, in the disc plane

and downstream, respectively. Notably, Ap is the area of the disc and is given by Ap=zR?.
Dividing equation (2.4) by the fluid density, p, yields:
AOU0 == ADUD == AWUW (25)
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Equation (2.5) explains why the cross-sectional area of the stream tube is larger downstream of
the disc compared to upstream, as illustrated in figure 1. Due to the reduced flow velocity
downstream of the disc, the cross-sectional area of the stream tube must be larger for the mass

flow rate to be constant.
The principle of momentum conservation can also be applied, and yields:

1 2.6
pAGUZ = pAw U}y + MpAp = Ay Uy + 5 pAn(Uf — Uf) (29)

The flow velocity in the disc plane, Up, can be found by dividing equation (2.6) with the mass
flow rate expressions from equation (2.4), which yields:
1U¢ - U

Up=Upy+-——Y
0 wTs U,

1 (2.7)
- Up = E(Uo + Uw)
The axial induction factor, a, is a parameter describing the fractional decrease in fluid velocity
between the far upstream position and the disc plane [16]. Thus, the axial induction factor is
given by

UO - UD (28)
Uo

a =

The flow velocity in the disc plane, Up, can be expressed by rearranging equation (2.8) as

follows:

Up = Uy(1 — a) (2.9)

By combining equations (2.9) and (2.7) the wake velocity, Uw, can be expressed as:

Uy = Uy(1 — 2a) (2.10)
By evaluating equation (2.10), the wake velocity, Uw, will be zero if a = 0.5. The momentum
theory, as described in this chapter, can only be applied if the wake velocity is greater than zero,
i.e., if a < 0.5. An empirical modification has to be made if a > 0.5 [17]. This empirical

modification will not be further described in this thesis.

Thrust and power

Due to the pressure drop across the disc, 4p, given by equation (2.3), a force acts on the disc in
the streamwise direction [17]. This force is called the thrust force, Fr, and can be expressed as

shown in equation (2.11):



1 (2.11)
Fr = ApAp = EP(U(% — Uf)Ap

By combining equations (2.10) and (2.11) the thrust force, Fr, can be expressed accordingly:

Fr = 2 pApU3(4a(1 ~ ) (212)

The thrust can be characterised by a non-dimensional parameter called the thrust coefficient,

Cr, given by
1 2.1
R 2pAoU3(da(l-a)) (13)
CT_F — = 1 ) =4a(1-a)
dynamic 7'OAD UO

where Faynamic 1S the dynamic force of the fluid flow, in the absence of the actuator disc, for a
cross-section equal to the area of the disc, Ap [16].

By combining equations (2.12) and (2.13) the thrust force, Fr, can be expressed in terms of the

thrust coefficient, Ct:

1
Fr = EPADUgCT 214)

The power extraction of the disc from the fluid flow is the work done by the thrust force, Fr,

on the flow [17]. Thus, the power extraction of the disc, P, is given by

1 2.15
P = FrUp ZEPADUgCT(l_a) @15)

Furthermore, the power extraction of the disc can be expressed as the non-dimensional
parameter power coefficient, Cp, expressed as

P 2pAUiC(1—a) o @
CP=P ' = 1 ; =(Cr(l—a)=4a(l—a)
available ijDUO

where Pavailable 1S the available power in the fluid flow, in the absence of the actuator disc, for a

cross-section equal to the area of the disc, Ap.

By combining equations (2.15) and (2.16) the power extraction of the disc, P, can be expressed

in terms of the power coefficient, Cp:

1

The aim when designing a turbine for power production is a large power coefficient, Cp, as this

means that a large portion of the available kinetic energy in the flowing fluid is converted into
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mechanical energy turning the turbine rotor. The theoretical maximum value of Cp for an ideal
turbine can be found by differentiating Cp with respect to the axial induction factor, a, and
setting this derivative equal to zero:

Cp (2.18)

d
%=4(1—a)(1—3a)=0

Solving equation (2.18) yields a = [1, 1/3]. The maximum Cp will not occur when a = 1, as this

yields a Cp equal to zero.

Thus, the maximum power coefficient, Cp__ , is found when a = 1/3, which yields:

(2.19)

6
C =—==20.593
Pmax 27

The theoretical maximum Cp for an ideal turbine is therefore 0.593. Accordingly, a maximum
of 59.3% of the kinetic energy from the flowing fluid can be converted into mechanical energy

turning the turbine rotor. This maximum value is referred to as the Betz limit.

In figure 2, the power and thrust coefficients are plotted as a function of the axial induction
factor, a, based on equations (2.16) and (2.13), respectively. The dashed sections of the curves

illustrate the circumstances where momentum theory is no longer valid, i.e., when a>0.5.

N Cp
\ ——Cr

1 1 1 I ~

0 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Axial induction factor a

Figure 2: Variation of power and thrust coefficients with axial induction factor, a. The dashed sections
of the two curves indicate where the momentum theory is no longer valid, i.e., when a > 0.5.



2.2 Actuator disc

Conducting field tests of turbines is expensive, and the test conditions are impossible to fully
control [12]. Performing experiments on downscaled model turbines in wind tunnels or water
tanks in laboratories is cost-beneficial, whilst allowing investigations in a controlled
environment. Thus, the of effect of conditions, such as incoming flow velocity, blockage and
turbulence level, on the performance, loadings and wake of a turbine can be studied more

accurately.

Downscaled model turbine investigations in laboratories are commonly simplified by using
static actuator discs to represent turbine rotors. Actuator discs are cheaper and easier to
manufacture, and generally less susceptible to damage, compared to a turbine rotor with rotating
parts. Still, there are uncertainties regarding how well the behaviour of rotating turbines is
represented by actuator discs, and to what extent the geometries of the discs influence the

results.

Notably, the axial force on an actuator disc, resulting from the incoming fluid flow, is referred
to both as a drag force and a thrust force in literature. In this thesis, the drag force from the discs
will be referred to as a thrust force, as the discs represent a turbine rotor where thrust is the

more appropriate term.

The design of an actuator disc is usually made to resemble a specific turbine rotor by matching
both the diameter and thrust coefficient of the rotor. There are, however, no standards for
actuator disc design. Uniformity and comparability between experimental investigations of
actuator discs would be significantly improved by developing a standard actuator disc design
which is able to produce the desired wake.

2.2.1 Comparison of actuator disc and free rotating wind turbine

In the search of an actuator disc capable of representing a turbine rotor, various disc designs
have been developed. A study by Helvig et al. [12] investigated the comparability between a
well-matched actuator disc and a two-bladed rotating turbine through experiments in a wind
tunnel. Two different actuator disc designs with various solidities were compared to the turbine
rotor in terms of thrust coefficient, mean velocity and mean vorticity in the wake. In addition,

a solid disc was tested as a reference. One of the disc designs had uniform circular holes and
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was tested with solidities of 40% and 60%. The other disc design had nonuniform trapezoidal
holes with a greater solidity near the centre, and was tested with solidities of 35%, 40% and
60%.

A significant recirculation area, i.e., an area of reversed flow, was observed in the wake of both
the solid disc and the 60% solidity circular holed disc. These areas of reversed flow were not
found in the wake of the rotating turbine. The other discs were also shown to have a
recirculation region, however, this region was only present less than one disc diameter
downstream. A reasonable explanation for the reversed flow observed behind the discs was
found in the upstream measurements which showed that all the discs imposed more of a
blockage to the incoming flow compared to the turbine.

Increased intensity of vorticity was observed along the edges of the wake of both the turbine
and the actuator discs. However, the areas of increased vorticity were more significant for the
high solidity discs, covering large parts of the wake. The high solidity discs were therefore not
representative of the turbine. The low solidity discs differed slightly from the turbine by
experiencing high intensity vorticity in the immediate wake. This was likely caused by
interaction between flow jets passing through the holes in the discs.

As a result of the measurements, Helvig et al. concluded that the trapezoidal holed disc with a
35% solidity was the closest match to the two-bladed turbine in regard to thrust coefficient and
mean wake vorticity, as well as showing good agreement in terms of mean velocity. This disc
was therefore studied in further detail to see how well the disc represents the instantaneous flow
phenomena in the wake of the turbine. These analyses showed that there were instantaneous tip
vortices present in the wake of the turbine which were not found in the wake of the disc. In
addition, high intensity swirl was observed in the near wake of the disc, in contrast to the

turbine. This was believed to be caused by mixing of flow jets through the holes in the disc.

Helvig et al. therefore concluded that actuator discs are capable of capturing mean flow
properties of a rotating turbine adequately, however the discs are not suited for capturing
instantaneous phenomena in the wake. In addition, the measurements showed that the
immediate wake, i.e., less than 1D downstream, and the upstream blockage effects of the

actuator discs are not representative of a rotating turbine.

The two actuator discs regarded in this thesis are trapezoidal holed discs with a solidity of 57%,
designed to emulate the velocity distribution behind a three-bladed rotating turbine. These discs

are further described in chapter 3.1.2. Helvig et al. [12] measured a thrust coefficient of
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approximately 1.10 for the 60% solidity trapezoidal holed disc, and observed a recirculation
area that was only present less than 1D downstream. Due to the slightly higher solidity of the
disc investigated by Helvig et al. compared to the discs regarded in the present thesis, the thrust
coefficients obtained through this thesis are expected to be lower than 1.10. This is also
supported by experimental investigations performed by Hansen et al. [18] in the MarinLab
towing tank on a disc with a design and solidity identical to the discs regarded in this thesis.
Hansen et al. measured the thrust coefficient of the disc to be 0.88. The results from the
experiments of Helvig et al [12] and Hansen et al. [18] will therefore be interesting for

comparison with the results obtained through the experiments of this thesis.

2.2.2 Reynolds independence for thrust coefficient

In figure 3, the drag coefficient of circular and square plates is plotted as a function of Reynolds
number [19]. The figure shows that drag coefficients are independent of the Reynolds number
approximately when Re>1000. Results from several experimental investigations of porous
actuator discs, such as studies conducted by Helvig et al. [12] and Hansen et al. [18], validates
Reynolds independence for actuator discs. The theory of Reynolds independence will therefore
also be investigated through the measurements of thrust coefficients for the porous actuator

discs regarded in this thesis.

N\ | = 10004~ Figure 26. Drag coefficient of circular and square plates
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Figure 3: Drag coefficient as a function of Reynolds number for circular and square plates [19].
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2.3 Turbine wakes

It is important to have a thorough understanding of the wake effects occurring downstream of
a turbine, especially in terms of installing turbines within a wind farm. In wind farms, turbines
are usually arranged in several rows. Therefore, the turbines located downstream of the
first-row turbines will be influenced by the wakes of the turbines located upstream relative to

them.

A turbine extracts energy from the flowing fluid, meaning that the fluid is lower on energy
downstream of the turbine. Accordingly, there is less energy available for a downstream turbine
to extract. In addition, there will be increased levels of turbulence in the wake of a turbine which
can impose fatigue loads on downstream turbines [20]. Understanding turbine wake effects is
therefore essential in order to optimise wind farms, i.e., arranging turbines in a way that

maximises power output, whilst considering turbine lifetime and need for maintenance.

2.3.1 Near wake

The near wake of a turbine is a region in the wake typically defined between 1-3 rotor diameters
downstream of the turbine [21, 22]. As described through the one-dimensional momentum
theory in chapter 2.1, the turbine rotor causes a velocity deficit to the fluid flow as it passes
through the rotor, and there is a pressure drop across the rotor. In the immediate wake, whilst
moving downstream, the velocity inside the wake continues decreasing and the pressure
increases until the pressure in the wake recovers to the ambient pressure [21]. At this point, the

maximum velocity deficit is found.

Due to the difference in velocity between the fluid inside and outside the wake, a shear layer is
formed [23]. The one-dimensional momentum theory is based on the assumption that the flow
within the wake is unaffected by the free stream flow outside the wake. This is not the case for
an actual turbine. In the region of the wake where the pressure is recovering, as described above,
turbulent mixing will occur, driven by the pressure and velocity gradients between the
low-pressure flow within the wake and the ambient pressure flow outside the wake [9]. Thus,
the low-velocity flow in the wake is mixed with the free stream flow, i.e., momentum is
transferred into the wake, causing the wake flow to recover towards the free stream velocity

whilst moving further downstream of the turbine [23].
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When the pressure in the wake has recovered to the ambient pressure, the mixing of momentum
is driven by turbulent diffusion [21]. A higher ambient turbulence level yields a faster recovery
of the wake. Turbulent diffusion causes the shear layer to expand with downstream distance.
When the shear layer has expanded so much that it reaches the wake axis, the end of the near

wake region is reached. The end of the near wake is illustrated with an orange vertical line in

figure 4.
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Figure 4: Sketch of the development of the turbulent wake of a turbine, showing the near wake [24].

Both tip and root vortices are shed from the blades of a rotating turbine, and will be present in
the near wake, as illustrated in figure 4 [24]. The tip vortices, which are highly turbulent,
surround the wake and follow a helical path, before breaking down a certain distance
downstream of the rotor. The root vortices, however, are less stable and break down close to

the turbine rotor.

The flow passing through a turbine rotor exerts torque on the turbine blades [23]. Thus, a
reaction torque acts on the flow, leading to a rotation of the wake in the opposite direction of

the turbine rotation.

Static actuator discs are used to represent a turbine rotor in the experiments regarded in this
thesis. Accordingly, no tip or root vortices will be present in the wakes, and the wakes will
experience no rotation. The nacelle and tower of a turbine induces mechanical turbulence in the

wake [23]. This turbulence is of high frequency and decays relatively fast. Nacelle-induced
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turbulence will be an interesting aspect regarding the wake investigations of this thesis, as only

one of the discs is mounted with a nacelle.

2.3.2 Far wake

The near wake is followed by a transition region which leads to the far wake, as shown in
figure 5 [23].

velocity deficit velocity deficit
maximum minimum
Uy
mixing
l\\\ """ approximately:
Ot O Y

~2% -axisymmetric

-self-similar

ey (o -Gaussian
near wake transition far wake

Figure 5: Sketch of the wake of a turbine [23]. The blue curves illustrate the velocity deficit profiles.

In the far wake region, the wake is completely developed, and the cross-section profiles of both
the velocity deficit and turbulence intensity are assumed to be axisymmetric and have

self-similar distributions [21]. The velocity deficit, 4U, can be defined as

where Uy is the free stream velocity and Uw is the fluid velocity in the wake. The scaled variable
of wake width, J, can be expressed as

y (2.21)
Yi/2 (x)

where y is the transverse distance from the wake axis to a specific point in the wake, y1/2 is the

transverse half-wake width where the velocity deficit is half of the centreline maximum velocity
deficit in the wake, 4Umax, and x is the downstream position [9]. Then, the velocity deficit in
the wake, AU, can be expressed as a function of wake width:

AU = f(6) (2.22)
AU can be shown to be independent of downstream position, x, by considering conservation of

momentum [25]. Thus, at all downstream distances within the far wake region, the velocity

15



deficit profile of the wake follows the same distribution and can therefore be defined as
self-similar [9]. The velocity deficit, AU, in the far wake of a turbine follows a Gaussian curve
and can be expressed as follows:
y? (2.23)
AU = AUpgyexp | In(2) —5—
Yi/2
The centreline maximum velocity deficit in the far wake of a turbine, 4Umax, decreases
proportional to x'?3, whereas the transverse half-wake width, y1/, increases proportional to x*3

[25].

The assumptions of self-similar and axisymmetric distributions of velocity deficit and
turbulence intensity in the far wake are not completely valid due to the presence of bounding
surfaces and the shear of the ambient flow [21, 23]. Turbine investigations, both numerical and
experimental, have shown that the point of maximum velocity deficit is usually located below
the turbine axis, i.e., in the half of the wake where a tower is present, and the point of maximum
turbulence intensity is located above the turbine axis.

2.3.3 Quantification of turbulence

Two different methods are commonly used to quantify the level of turbulence in the flow during
turbine wake investigations. When considering the flow in only one dimension, the parameter

turbulence intensity (T1) is used. Turbulence intensity is defined as

u' (2.24)

ume an

TI =

where u'is the standard deviation of the fluid velocity in the average flowing direction and Umean

is the magnitude of the average fluid velocity [23].

When considering the flow in three dimensions, turbulence can be quantified by the parameter
turbulence kinetic energy (TKE). TKE is measure of the kinetic energy per unit mass from the
velocity fluctuations of the three velocity components. The TKE is associated with eddies in
turbulent flows. Turbulence kinetic energy is defined as

TKE = %((u’)z + (v’)z + (W')Z) (2.25)

where u', v’ and w' are the standard deviations of the three velocity components.
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In this thesis, the fluid velocities are measured in three directions, as will be explained in chapter
3.1.6. Turbulence is therefore quantified in terms of TKE when studying the wake of the two

actuator discs regarded in this thesis, which is further described in chapter 3.3.2.

2.4 Blockage due to confined channel

When considering an isolated single rotor turbine, upstream blockage effects are accounted for
by the axial induction factor, a, as described in chapter 2.1. However, additional blockage
effects can be experienced if a turbine is operating in a confined channel. This is most relevant
when considering a turbine in a tidal channel [9]. In a tidal channel, additional constraints can
be imposed on the fluid flow by the free water surface, the channel walls and the seabed. Thus,
the experiments of this thesis regarding actuator discs in the MarinLab tank, i.e., a confined
channel, could be influenced by blockage effects. The blockage effects from a confined channel
will be described in this chapter by considering an actuator disc in a confined channel, as shown
in figure 6. This figure is an edited version of figure 1, applying the same symbols as explained

in chapter 2.1. However, the added symbols will be explained in this chapter.

Channel wall
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Figure 6: Representation of the effects when fluid passes an actuator disc placed in a confined channel
[17].
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In figure 6, Ap is the area of the disc (or swept area of a turbine) given by Ap = zR?, and Ac is
the cross-sectional area of the confined channel. Between the streamtube and the channel walls,

there will exist a bypass flow velocity, Us.
The blockage ratio, B, of an actuator disc in a confined channel is given by

B = j_z: (2.26)

Blockage causes the flow to divert around the disc, thus increasing the bypass flow velocity,
Up, and reducing the disc velocity, Up [9]. Consequently, the pressure drop across the disc
increases, which implies that both the thrust and power extraction of the disc are increased as

well.

Several turbine investigations have demonstrated that the performance of a turbine, i.e., the
power and thrust coefficients, is significantly changed when blockage ratios exceed 5-10%
[13-15]. Blockage corrections are commonly applied to account for high blockage ratios.
Glauert [26] developed the first blockage correction method based on one-dimensional
momentum theory for actuator discs. Several models for blockage correction have been
developed, e.g., Ewald [27] and Mikkelsen and Sgrensen [28]. No blockage corrections are
applied to the results of this thesis. However, the effects of blockage are illuminated and

discussed.

By re-deriving the one-dimensional momentum theory for a turbine in a confined channel,

Garrett and Cummins [29] showed that the maximum power extraction from a turbine occurs

when Uy, = % and is given by

16 1 2.27
Puax = 55 (1= B) 23 pApl3 (227

By comparing the maximum power extraction of a turbine in a confined channel, given by
equation (2.27), with the maximum power of an isolated turbine, an additional efficiency term,
expressed as (1 — B)~2, occurs for the turbine influenced by channel boundaries. Accordingly,
the Betz limit, as explained in chapter 2.1, can be exceeded due to blockage from a confined

channel.

The one-dimensional momentum theory, as presented in chapter 2.1, states that the maximum

power extraction from a turbine occurs when a=1/3. Inserting a=1/3 into equation (2.10) yields
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Uy = % Thus, the maximum power extraction from a turbine is found when a=1/3 regardless
of whether the turbine is affected by blockage from a confined channel or not.

The thrust coefficient of a turbine is also increased due to the influence of channel boundaries
[9]. When a turbine in a confined channel operates with maximum power extraction, i.e.,

Uy = % the thrust coefficient is given by

_8 (1+B) (2.28)
7901 -B)?
For an isolated turbine operating at maximum power, C=8/9, thus the additional thrust term
(1+B)

due to the influence of channel boundaries is given by 5y

In addition, turbine wake expansion is limited by channel boundaries. Studies performed by
McTavish et al. [13] and Sarlak et al. [14] demonstrate that increasing blockage ratio causes a
narrower turbine wake. In a tidal channel, the wake is constrained vertically by the free water
surface which, in particular, is likely to affect the far wake [22]. For model scale experiments
in water tanks, it is important to consider the influence of channel boundaries on wake
expansion. An experimental study by Stallard et al. [22], investigating the wake of a tidal stream
turbine in a shallow turbulent flow, found the expansion rate of the shear layer to be
significantly larger in the horizontal plane compared to the vertical plane due to the

depth-constraint of the free water surface and the bottom of the tank.

For a tidal turbine, the pressure changes occurring in the region of the turbine causes a drop in
the free water surface across the turbine [30]. If the turbine is not at a sufficient depth, the wake
may be influenced by the deformation of the water surface or by potential waves formed in the
surface due to the turbine’s interaction with the water flow. The proximity of a free water
surface must also be considered when investigating actuator discs in a water tank. The effects
of the water surface can be observed by measuring the vertical velocity component, i.e., velocity
in the z-direction, in the wake of a disc. Bjgrnsen [31] conducted measurements in the wake of
a 0.2 m diameter trapezoidal holed actuator disc with a solidity of 57%, towed with a velocity
of 0.5 m/s through the MarinLab tank at HVL, and concluded that placing the disc centre point
at a depth of 30 cm was sufficient to minimise the influence of the water surface on the vertical
velocity component. For the experiments regarded in this thesis, the centre points of the actuator
discs were placed at a depth of 1.0 m. Free water surface effects on the vertical velocity

component in the wake are therefore assumed to be insignificant.
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2.5 Scaling

If model scale experiments are to represent full scale devices, it is necessary to maintain
geometric, kinematic and dynamic similarity between the full scale and model scale devices
[9]. Geometric similarity implies that the shape of the full scale and model devices must be
identical, i.e., all dimensions must have the same scale ratio [32]. Kinematic similarity is
maintained if velocities in the model have the same direction and proportional magnitude to
those in the full scale [33]. For dynamic similarity to be achieved, the ratio between different

forces in the full scale and model must be equal [32].

The blades of the 0.7 m diameter model turbine to be built at HVL are geometrically scaled
from a tidal turbine with a diameter of 21.0 m and a rated speed of 3.0 m/s. In this thesis, two
actuator discs with diameters of 0.7 m and 0.2 m are used to represent the full scale device. The
subscripts f and m are used to denote the parameters of the full scale and model scale,

respectively, in this chapter.

An essential requirement of geometric similarity is maintained by applying a scaling factor, 4,
which is given by

_ L (2.29)

A
L,
where Lt is the characteristic length of the full-scale (here considered as rotor diameter) and Lm

is the characteristic length of the model (here considered as the disc diameter) [32].

Thus, the two actuator discs regarded in this thesis, with diameters of 0.7 m and 0.2 m, are
scaled down with factors of 30 and 105, respectively, in regard to the full scale turbine. Despite
the two discs having different diameter dimensions, the thickness of both discs is 5 mm,
meaning that the disc thickness is not scaled correctly. This could potentially impact the results
in terms of comparing the two discs. Investigating turbines by using actuator discs means that
geometric similarity is not maintained, as the shape of the turbine and disc are not identical.
However, the actuator discs are designed to emulate the velocity distribution behind a

three-bladed rotating turbine.

When conducting experiments in a towing tank, it is important to consider gravitational, viscous
and inertial forces. Scaling with regard to similarity in Reynolds number is applied when inertial
forces and viscous forces are of predominant importance in the flow, which, for instance, is the

case for wake development behind a body in a flow [33]. The Reynolds number, Re, is a
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dimensionless number describing the ratio of inertial forces to viscous forces in a flowing fluid,

and is given by

UL UL

Re = puLl _ UL (2.30)
y7i 14

where p is the density of the flowing fluid, U is the flowing velocity of the fluid, L is a

characteristic length (here considered as the rotor/disc diameter), u is the dynamic viscosity of

the fluid and v is the kinematic viscosity [34].

Therefore, scaling through similarity in Reynolds number ensures that viscous forces are scaled
correctly [32]. Reynolds scaling implies the following relation:

UL Urls (2.31)
Re,, = mv = = Re; = .
m f

The fluid velocity required in model scale experiments for similarity in Reynolds numbers to

be maintained can be found by rearranging equation (2.31):

_ Resvp, (2.32)

m Lm

In table 1, the kinematic viscosities of the full scale fluid, i.e., salt water, and the model scale
fluid, i.e., fresh water, are based on a fluid temperature of 16°C. Applying equation (2.32) for
the 0.7 m and 0.2 m diameter actuator discs, yields towing velocities of 86.1 m/s and 301.4 m/s,
respectively, for Reynolds similarity to be achieved. The MarinLab towing tank at HVL can be
operated with a maximum towing velocity of 5.0 m/s. Therefore, these towing velocities are
not achievable for the experiments of this thesis.

Hydrodynamic forces are usually scaled through similarity in Froude number when
gravitational forces are important in the flow, which is the case whenever a free water surface
is present [33]. The Froude number, Fr, is a dimensionless number which describes the square

root of the ratio of inertial forces to gravitational forces in a flowing fluid, and is given by

U
. (2.33)

VgL
where U is the flowing velocity of the fluid, g is the acceleration of gravity and L is a
characteristic length (here considered as the rotor/disc diameter) [32].
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Froude scaling ensures that gravitational forces are correctly scaled by maintaining similarity

in Froude numbers between the full scale device and the model scale device, which yields:

m_ = Fry = (2.34)

Ur
VILm VILs

In equation (2.34) it is assumed that the acceleration of gravity, g, is identical in the full scale

Fry,=

and model scale. Rearranging equation (2.34) yields the required fluid velocity in model scale

experiments for similarity in Froude numbers to be maintained:

Un = Frs[gLi (2.35)

Applying equation (2.35) for the 0.7 m and 0.2 m diameter actuator discs, yields towing
velocities of 0.55 m/s and 0.29 m/s, respectively, for Froude similarity to be achieved. These
towing velocities can be achieved in the MarinLab towing tank. However, for the wake
investigations of the actuator discs regarded in this thesis, the towing velocity was limited to
0.4 m/s, as will be explained in chapter 3.1.7. This towing velocity was applied for both discs
during wake measurements, meaning that Froude similarity was not fully achieved. For the
axial force measurements, however, towing velocities ranged from 0.1 m/s to 0.6 m/s for both
discs. The Reynolds number and Froude number of the full scale and model scale during wake
investigations are presented in table 1.

Table 1: Reynolds number and Froude number of the full scale and model scale during wake
investigations.

d[m] | U[m/s] v [m?/s] Re Fr
Full scale 21.0 3.0 1.159-10° 5.436- 107 0.209
Model scalel | 0.7 0.4 1.109-107¢ | 2.525-10° 0.153
Model scale2 | 0.2 0.4 1.109-107% | 7.214-10* 0.286

Maintaining dynamic similarity between the full scale and model scale is impossible, as this
requires both Reynolds similarity and Froude similarity to be achieved simultaneously [33]. As
shown in table 1, there is a mismatch between the full scale device and two model scale devices
both in terms of Reynolds number and Froude number. Therefore, there are some characteristics
of the full scale device that will not be fully represented by the models.

The Reynolds number of the full scale device is significantly higher than the model scale. A

general assumption is that representative turbulence and wake mixing will occur during wake
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experiments, where turbulence affects the wake recovery, provided that the flow is within the
turbulent regime [9]. It has been shown through several experimental studies and numerical
simulations that the performance, i.e., the power and thrust coefficients, of a geometrically
scaled turbine is unrepresentative of the full scale device, owing to the significantly lower
Reynold number of the model turbine [35-38].

There is also a mismatch between the Reynolds numbers of the two actuator discs, which
potentially could influence the results when comparing these discs. The Reynolds numbers of
the 0.7 m and 0.2 m diameter discs are 2.525-10° and 7.214-10%, respectively. An experimental
study by Chamorra et al. [39] investigates the Reynolds dependency of the velocity deficit and
turbulence intensity in the wake of a model-scale wind turbine in a wind tunnel with Reynolds
numbers ranging from 1.66-10% to 1.73-10°. The results from Chamorra et al. show that the
velocity deficit is independent of Reynolds number when Re > 4.8-10% Turbulence intensity
was shown to be independent of Reynolds number when Re > 4.8-10* from four to twelve rotor
diameters downstream. In the near wake, however, Reynolds independence for turbulence
intensity started at Re > 9.3-10%. Experiments were not performed with Reynolds numbers
between 4.8-10* and 9.3-10% thus it is not possible to exactly determine when Reynolds

independence is achieved in terms of turbulence intensity.

As previously stated, for the wake investigations on the 0.2 m diameter actuator disc regarded
in this thesis, the Reynolds number is 7.214-10% As such, there is a slight possibility that
Reynolds independence is not fully achieved for the wake flow of this disc. However, based on
the results of Chamorra et al. [39], the mismatch between the Reynolds numbers of the two
actuator discs of this thesis is expected to have insignificant impact when comparing the wake

flows of these discs.

The scaling laws described in this chapter can also be applied for scaling against full scale wind

turbines or if experiments are to be performed in a wind tunnel.
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3 Methodology

In this chapter, the MarinLab towing tank and the experimental setups for the two actuator discs
are described. Furthermore, the measurement campaign and data processing for the axial,
transverse and vertical velocity profile measurements and the axial force measurements are
presented. The working principles of measurement equipment are explained, and uncertainties

associated with the experiments are discussed.

3.1 Experimental method

3.1.1 MarinLab towing tank

All the experiments of this thesis were performed in the MarinLab towing tank at HVL [40].
This tank is shown in figure 7. The tank is 50 m long, with a width of 3.0 m and a depth of

2.2 m. Itis filled with fresh water with a temperature of approximately 16°C.

"”‘*n,

Wave generator end

Figure 7: The MarinLab towing tank at HVL [40].

The tank is equipped with two carriages, a wave generator and a wave breaker, i.e., a beach.
The carriages are wire operated with a maximum towing velocity of 5.0 m/s. The water in the
tank is stationary. Therefore, the two carriages are used to move the discs and associated
measurement equipment through the water at the desired velocity. If sufficient time is allowed
to pass between towing runs, no turbulence will be present in the water. See [40] for additional

information on the MarinLab towing tank.
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No waves were applied for the experiments of this thesis. The wave generator was only used
for particle mixing prior to the experiments involving wake velocity measurements with the

acoustic Doppler velocimeter (ADV). This will be further explained in chapter 3.4.

3.1.2 Porous actuator discs

Two trapezoidal holed porous actuator discs with diameters of 0.7 m and 0.2 m were used for
the experiments of this thesis. Both discs are made of aluminium and have a thickness of 5 mm.
The two discs are identical in terms of solidity and geometry, both having a solidity of 57% and
a geometry as illustrated in figure 8. The holes in the discs are arranged non-uniformly, with a
greater solidity near the centre, corresponding to a turbine rotor. This design was made to

emulate the velocity distribution behind a three-bladed rotating turbine.

Figure 8: CAD drawing of the porous actuator discs used in this thesis.

For the remainder of this thesis, the 0.7 m diameter disc and the 0.2 m diameter disc will be
referred to as AD70 (actuator disc, 70 cm diameter) and AD20 (actuator disc, 20 cm diameter),

respectively.

The blockage ratios of both actuator discs were calculated using the blockage ratio expression,
see equation (2.26). The blockage ratio of the AD70 and AD20 was found to be 5.8% and 0.5%,
respectively.
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3.1.3 Experimental setup

The longitudinal, transverse and vertical axes are in this thesis denoted as x, y and z,
respectively. Actuator disc diameters are denoted as D. In figure 9, a sketch of the experimental
setup for the AD70 in the MarinLab towing tank is shown to provide an overview of this setup.

In the following paragraphs, the experimental setup for the AD70 and the AD20 are explained.

Towing direction

>

£ [ fn
= = =

Small carriage Main carriage

|

l L\
Traverse ) \
[ Load cell

Free water surface
i L

=y

aal

Tower
ADV «— —
? S Uy : —u,
- .
Nacelle

Actuator disc

Bottom of tank

Figure 9: Sketch of the experimental setup for the AD70 in the MarinLab towing tank.

The AD70 is mounted on the nacelle and is attached to the main carriage through a tower, with
a diameter of 50 mm (0.071D), and its supporting structure. The length of the nacelle is
525 mm (0.75D), which is relatively larger compared to that of a full scale device. As such,
nacelle effects might be more pronounced for the experiments on the AD70 compared to a full

scale turbine. A more detailed view of the nacelle is shown in figure 10.

The disc is mounted with both a yaw angle and a tilt angle of 0°, i.e., the axis of the disc is
parallel to the towing direction. Axial forces exerted on the disc and tower whilst dragged
through the water are measured by a strain gauge load cell mounted on the main carriage. This
load cell has a capacity of 100 N. In chapter 3.1.4, the working principle of load cells will be
explained.
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Figure 10: Nacelle of the AD70 rig modelled in Autodesk Inventor Professional 2022.

An acoustic Doppler velocimeter (ADV) of the type Vectrino+, delivered by Nortek, is utilised
for velocity measurements downstream of the actuator disc. The working principle of this

instrument will be elaborated in chapter 3.1.6.

The transverse position of the ADV can be adjusted by an automated electric motorised
traverse, which is mounted on the small carriage, for the measuring of transverse velocity
profiles. The traverse can change the position of the ADV by a controlled stepper motor with
millimetre precision over the traverse length of 1980 mm. A virtual instrument (VI) in
LabVIEW is used to operate the traverse. In order to ensure that the positioning of the ADV is
correct, a calibration procedure for the traverse is implemented in the LabVIEW VI. This

calibration is done prior to each velocity profile.

For the measuring of vertical velocity profiles, however, the vertical position of the ADV must
be adjusted manually. The traverse in the MarinLab is not designed for vertical movement, as
there is no brake on the traverse to withstand the weight from the ADV rig mounted on the

traverse.

Ideally, the centre point of the actuator discs would be placed in the middle of the tank, both in
terms of tank width and depth. This would reduce the possibility of blockage, side walls and
free water surface from affecting the measurements. With a tank width of 3.0 m and a depth of
2.2 m, this means that the disc centre point should be located 1.5 m from the tank side walls at

a depth of 1.1 m. The cable length of the Vectrino+ was, however, a few centimetres too short
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to enable measurements at this depth. During both axial and transverse velocity profile
measurements on the actuator discs, as well as the axial force measurements, the disc centre

points were therefore positioned at a depth of 1.0 m.

Accordingly, the distance from the AD20 centre point to the tank walls, free surface and tank
bottom is 7.50D, 5.00D and 6.00D, respectively. As such, the wake expansion of the AD20 will
not be significantly constrained in any direction due to proximity of bounding surfaces. For the
AD70, however, the wake will be constrained by bounding surfaces in the vertical direction,
and possibly in the transverse direction as well. The distance from the AD70 centre point to the

tank walls, free surface and tank bottom is 2.14D, 1.43D and 1.71D, respectively.

The experimental setup for the AD20 is similar to the AD70 setup sketched in figure 9, with a

few exceptions. Firstly, the AD20 is mounted directly on the tower, i.e., there is no nacelle.
Furthermore, the tower has a diameter of 16 mm (0.080D). | addition, a different strain gauge
load cell with a capacity of 10 N is utilised for the AD20 rig. This load cell is mounted directly
behind the actuator disc, as opposed to the setup for the AD70, where the load cell is mounted
on the carriage. The experimental setups for the AD70 and AD20 are shown in figures 11 and
12, respectively.

Figure 11: Photograph of the experimental setup  Figure 12: Photograph of the experimental setup
for the AD70 in the MarinLab towing tank. for the AD20 in the MarinLab towing tank.
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3.1.4 Load cells

Two strain gauge load cells are utilised for the axial force measurements regarded in this thesis.
In the following paragraphs, the working principle of this type of load cell is explained.

A strain gauge load cell is a transducer, as it converts mechanical loads into electrical signals
which can be measured [41]. For the load cell applications regarded in this thesis, mechanical

loads are in the shape of drag forces from the discs.

Strain gauge load cells consist of a load column to which one or more strain gauges are attached
[41]. Therefore, when forces are exerted on the load column, both the column and the strain
gauges are deformed. The deformation causes a change in the resistance of the strain gauges.
By applying a Wheatstone bridge configuration, as shown in figure 13, this change in resistance
is returned as an output voltage, Vout, Which is proportional to the exerted force on the load cell.
Accordingly, the output voltage from the Wheatstone bridge can be used as a measure of the

force exerted on the load cell.
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Figure 13: Wheatstone bridge with one strain gauge. The strain gauge is illustrated as Rz or Rq [42].

Figure 13 shows a Wheatstone bridge with one strain gauge [42]. The strain gauge is illustrated
as R4 or Rq, and will be referred to at Rq in futher explanations and equations. There will be no
potential difference between points B and D in the Wheatstone bridge if resistances R1, Rz, R3
and Ry are equal. Thus, the output voltage, Vou, Will be zero. A change in Rq, due to forces being
exerted on the load cell, causes the bridge to be unbalanced, and a potential difference will exist
between points B and D. Vo is therefore equivalent to the voltage drop across R: and Rg, which
yields:

R, ) (3.2)

R3
Vout = Vep —Veg =V -
out CD CB m(R3 +Rg Rl +R2
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A load cell with a capacity of 100 N is utilised for the axial force measurements on the AD70.
During the axial force measurements, the 100 N load cell is mounted within a construction
made by the lab engineers at HVL, as shown in figure 14. Therefore, when conducting
calibrations of this load cell, as will be described in chapter 3.1.5, the load cell is also mounted

within this construction.

Figure 14: 100 N load cell within its construction.

For the axial force measurements on the AD20, a load cell with a capacity of 10 N was utilised.
This load cell was mounted directly behind the actuator disc. Therefore, mounting the load cell

within a construction, as shown in figure 14, was not required for these measurements.

3.1.5 Load cell calibrations

Three different calibrations were conducted through this thesis. Both the 100 N load cell for the
AD70 rig and the 10 N load cell for the AD20 rig had to be calibrated prior to the axial force
measurements. The 100 N load cell was calibrated against a 200 N HBM load cell. Therefore,

the 200 N load cell had to be calibrated separately in advance.

All three load cells are designed to be linear, i.e., the force is given by a linear function, vy,

expressed as

y=ax+b (3.2
where a is the gain, x is the voltage readings from the strain gauges and b is the offset. The aim
of the calibrations is to find the gain and offset of the different load cells. During axial force
measurements, the gain and offset from the load cell calibrations are added to the LabVIEW
program which is used to record the data.
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The calibration of the 200 N HBM load cell was conducted by adding five known loads, one
by one, before removing them in the same manner. The output from the load cell, displayed as
mV/V in the LabVIEW program used for the calibration, was noted for each load case, before
a new load was added or removed. Then, a linear best fit line, as expressed in equation (3.2)

was calculated for the data, providing both the gain and offset of the load cell.

For the calibration of the 100 N load cell, the applied loads were read accurately by the already
calibrated 200 N HBM load cell. The results from the 100 N load cell calibration are presented
in table 2.

There was uncertainty as to whether the axial force measurements from the 100 N load cell
would be affected by vertical loads on the load cell. In the AD70 rig, the load cell is subjected
to a vertical load from the weight of the tower, the nacelle, the actuator disc and associated
support structures. This weight is approximately 10 kg. Therefore, during the calibration of the

100 N load cell, a weight of 10 kg was placed on top of the load cell.

Table 2: Calibration sheet from 100 N load cell calibration. The accuracy of the measurements is not
reflected by the number of digits.

HBM calculated 100 N load 100 N load Difference between
load (applied load) | cell output | cell calculated applied and
[N] [mV/IV] load [N] calculated load [N]
Increasing -0.49 -0.140 -0.83 0.338
20.26 0.025 19.66 0.608
40.11 0.185 39.51 0.600
60.18 0.345 59.40 0.772
80.05 0.507 79.58 0.469
Max load 100.05 0.667 99.37 0.682
Decreasing 80.08 0.520 81.18 -1.102
60.23 0.360 61.24 -1.017
40.18 0.195 40.76 -0.588
20.22 0.034 20.73 -0.510
-0.51 -0.135 -0.26 -0.251

As a quality control, the non-linearity and hysteresis of a load cell can be investigated.

Non-linearity can be defined as the difference between the actual and ideal straight-line
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behaviour [43]. Considering the load cell calibrations of this thesis, the non-linearity is the
difference between the applied load and the load calculated from the linear best fit line of the
load cell which is being calibrated.

Non-linearity can also be expressed as the maximum non-linearity, N, as a percentage of span,
given by

100% (33)
X (]
Omax - Omin

where Omax and Onmin are the maximum and minimum output of the load cell, respectively.

The 100 N load cell calibration showed a maximum non-linearity as a percentage of span of
1.102%. This maximum non-linearity was significantly higher than for the 200 N and 10 N load
cells, i.e., 0.052% and 0.059%, respectively. It is likely that the relatively high non-linearity of

the 100 N load cell is caused by the construction in which it is mounted, see figure 14.

The load cell calibrations showed that for a given applied load, the measured force from the
load cells were different depending on whether the load was increasing or decreasing. This
phenomenon is called hysteresis. Hysteresis can be defined as the difference between the

measured force for a given applied load during increasing and decreasing of the load [43].

The hysteresis from the 100 N load cell calibration was considerably larger compared to the
other load cells. Figure 15, which represents the data presented in table 2, shows the hysteresis

from the 100 N load cell calibration.

1.5

Increasing
Decreasing

o 0 2 2 60 0 100
Applied load [N]

Difference between applied and calculated load [N]

Figure 15: Hysteresis curve for calibration of 100 N load cell.
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For the calibration of the 10 N load cell, the load cell was mounted between the AD20 and the
tower, i.e., similar to how it would be mounted during axial force measurements. The load cell
was calibrated by applying five known loads, one by one, to the centre of the disc, before

removing them in the same manner.

3.1.6  Acoustic Doppler velocimeter (ADV)

An acoustic Doppler velocimeter (ADV) measures water velocities based on a physical
phenomenon called the Doppler effect or the Doppler shift [44]. The Doppler shift is the change
in frequency of a sound wave when an observer moves with respect to a wave source, or vice

versa.

This type of velocimeters measures velocity by transmitting a pair of short sound pulses of a
fixed frequency into the water. Some of the sound waves are reflected off suspended particles
in the water and return to the ADV receiver arms with a relative change in frequency due to the
Doppler shift. The frequency of the reflected signal will be shifted in accordance with the water
velocity. Thus, the frequency shift can be utilised to find the water velocity, V, by using the

following equation:

CfDoppler (34)
V="
thransmitted

where c is the speed of sound in water, fooppier IS the change in the received frequency (the

Doppler shift), fransmitted iS the frequency of the transmitted sound.

A Vectrino+ with a downward looking probe was used for velocity measurements downstream
of the actuator discs to quantify the wake. This instrument is shown in figure 16. The Vectrino+
is a high-resolution ADV delivered by Nortek. For the experiments regarded in this thesis, the
instrument was set to its maximum sampling frequency of 200 Hz. See [44] for the

comprehensive manual of the Vectrino+.
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Figure 16: Vectrino+ ADV with downward looking probe from Nortek [44].

As shown in figure 16, the Vectrino+ has four receiver arms. These receiver arms are arranged

as illustrated in figure 17.

Figure 17: Vectrino+ coordinate system (XYZ) and numbering of receiver arms for downward looking
probe [44].

The arrangement of the receiver arms, as shown in figure 17, enables the Vectrino+ to measure

all three components of the velocity vector. Receiver arms 1 and 3 measure the X-velocity,

whereas receiver arms 2 and 4 measure the Y-velocity. The Z-velocity, however, is measured

twice: once from receiver arms 1 and 3 and once from 2 and 4. Thus, there are four signal

outputs from the ADV: X, Y, Z1 and Z».

Neutrally buoyant particles, i.e., particles with the same buoyancy as water, were suspended in
the MarinLab tank to ensure that the acoustic signals from the ADV transmitter were reflected.
The quality of the data from the ADV is dependent on the seeding in the MarinLab tank, i.e.,
the amount and degree of mixing of suspended particles in the water. Data quality can be
assessed in terms of the signal strength and correlation. These two parameters are outputted by

the instrument continuously during data collection.
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Signal strength can be quantified as signal-to-noise ratio (SNR) in dB. SNR is a measure of the
magnitude of the signal reflected from the suspended particles (received echo), Asigna, relative
to the background noise level, Anise. The SNR of the Vectrino+ is given by the following

equation:

Asignal) (35)

noise

SNR ES 2010g10(

Nortek [44] recommends an SNR above 15 dB when collecting raw data, whereas mean data

should be collected with a minimum SNR of 5 dB.

Correlation is a measure of the agreement between the two pulse echoes that are being
measured. A correlation of 0 means that there is no similarity between the two echoes, whereas
100% correlation indicates exact agreement. The correlation is aimed to be high, as is gives
confidence that the two measured pulses are the same pulses that were originally sent out by

the instrument. Thus, the instrument is determining a valid phase shift.

Nortek [44] reports that users in the early days of the acoustic Doppler velocimeter considered
the instrument to be generating good quality data if correlations were above 70%. Although this
threshold is still applied by many users, Nortek will not warrant a generalisation so some
universal value. The best way to determine a correlation threshold is by closely examining the

data set.

3.1.7 Towing velocities

The towing velocities for the experiments conducted in this thesis were limited by two factors

which will be described below.

The first limiting factor was the capacity of the load cell for the AD20, i.e., 10 N. When exerting
forces on the load cell, a safety factor (SF) should be included as a precaution. For the
experiments of this thesis, applying SF=2-2.5 is reasonable, considering that loading and

environmental conditions are not severe, and ordinary materials are used [45].

Before any axial force measurements were conducted on the AD20, calculations were made on
the expected force exerted on the load cell at different towing velocities, i.e., the drag force
from the disc as it is towed through fresh water. Previous experiments conducted in the
MarinLab tank by Hansen et al. [18] investigated the thrust coefficient of an identical disc to

the AD20, resulting in Cy=0.88. This thrust coefficient was applied for the theoretical
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estimations of disc thrust force on the AD20 and the AD70 when determining appropriate
towing velocities. Thrust force calculations on the AD20 were made based on equation (2.14),
using the following parameter values: Cr gisc=0.88, pireshwater=998.95 kg/m? (freshwater density

at 16°C) and dgisc=0.2 m. The results from these calculations are presented in table 3.

Table 3: Theoretically estimated thrust forces on the AD20 using C+=0.88.

Tow velocity, Re Disc thrust
U [m/s] force [N]
0.4 7.214 - 10* 221
0.5 9.017 - 10* 3.45
0.6 1.082 - 10° 4.97
0.7 1.262-10° 6.77
0.8 1.443 - 10° 8.84

The theoretically estimated disc thrust force at 0.6 m/s, i.e., 4.97 N, yields the following safety
factor, SF:

10N (3.6)

Consequently, towing velocities should be limited to 0.6 m/s for the axial force measurements
on the AD20.

For the axial force measurements on the AD70, the load cell capacity is 100 N. This load cell
has an integrated safety factor of 2.0, meaning that it breaks at 200 N. Therefore, the load cell
can safely be loaded to 100 N, without any risk of damaging it.

Thrust force calculations on the AD70 were made based on equation (2.14), using the following
parameter values: Crgisc=0.88, pireshwater=998.95 kg/m® and daisc=0.7 m. However, this
calculation only yields the thrust force on the disc. As previously explained, the load cell of the
AD70 is also exerted to drag forces from the tower. The tower drag must therefore be added to

the disc thrust to find the total axial forces exerted on the load cell.
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No waves are applied for the experiments of this thesis, hence the drag force on the tower can

be found from the drag term in Morison’s equation:

3.7)

— 2
FD,tower - EpfreshwaterAtoweru CD,tower

where prreshwater 1S the freshwater density, Atwwer IS the projected area of the tower immersed in
water, u is the inflowing water velocity and Cptower is the drag coefficient of the tower. The
tower is a cylinder-shaped object with a vertical axis normal to the incoming flow. Thus, the
projected area, Atower, IS given by Atower=LtowerGtower, Where Liower IS the length of the tower which

is immersed in water and drwower is the diameter of the tower.

Applying equation (3.7), the tower drag of the AD70 rig was calculated using the following
parameter values: Cp tower = 0.90 (see [46]), pireshwater = 998.95 kg/m?3, Liower = 1.0 and

dtower = 0.05 m. The results from the force calculations on the AD70 rig are presented in
table 4.

Table 4: Theoretically estimated drag forces on the AD70 rig using Ct=0.88.

Tow velocity, Re Disc thrust Tower Disc & tower
U [m/s] force [N] drag [N] drag [N]
0.4 2.525-10° 27.06 3.60 30.66
0.5 3.156 - 10° 42.29 5.62 47.91
0.6 3.787 - 10° 60.90 8.09 68.99
0.7 4.418-10° 82.89 11.01 93.90

0.8 5.050 - 10° 108.26 14.38 122.64

As shown in table 4, the forces exerted on the load cell at towing velocities of 0.6 m/s and
0.7 m/s, with the actuator disc mounted on the rig, are approximately 69 N and 94 N,
respectively. Thus, the load cell capacity would allow measurements up to 0.7 m/s. However,
measurements on the AD70 were not taken at towing velocities above 0.6 m/s, as this was the
maximum velocity for the AD20 measurements and would provide sufficient data for

comparison of the two discs.

The other limiting factor on towing velocity was vibrations on the ADV probe due to
hydrodynamic forces on the ADV rig. A new rig for the ADV had to be made to measure
velocities at a depth of 1.0 m. In previous student projects and experiments using the ADV in
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the MarinLab, measurements have been taken closer to the surface. Mounting the ADV probe
so that it measures at a depth of 1.0 m means that the construction to which the probe is attached
extends approximately one meter into the water and will therefore be exposed to hydrodynamic

forces when it is dragged through the water.

When using the maximum towing velocity with respect to the load cell capacity, i.e., 0.6 m/s,
vibrations on the ADV probe were observed. By reducing the towing velocity to 0.5 m/s, the
vibrations became smaller, but they were still detectable. Therefore, the towing velocity was
reduced to 0.4 m/s. At this velocity, no vibrations were observed and the ADV measurements

were deemed acceptable.

Consequently, 0.4 m/s was set as the towing velocity for all the wake measurements regarded
in this thesis. For the axial force measurements, however, towing velocities up to 0.6 m/s could
be applied, as these tests were not dependent on ADV measurements. In other words, the axial

force measurements were only limited by the capacity of the load cell for the AD20.

3.2 Measurement campaign

The measurements conducted through this project are summarised in table 5. This table
provides short descriptions of the different types of measurements that were conducted, as well
as stating the resultant parameters from the experiments and which instruments were used

during these experiments.
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Table 5: Measurement campaign.

Measurement description Resultant Method/

parameters | instruments

Measurement (A) - Axial force measurements

A-1: AD70 FT mean Load cell
Thrust curves at velocities: 0.1 m/s - 0.6 m/s Cr (100 N)
A-2: AD20 FT mean Load cell
Thrust curves at velocities: 0.1 m/s - 0.6 m/s Cr (10 N)

Measurement (B) - Axial velocity profiles

B-1: AD70 Umean ADV
Profiles of velocity deficit and TKE at x/D=1-10 TKE Traverse
(increments of 0.5).

B-2: AD20 Umean ADV
Profiles of velocity deficit and TKE at x/D=1-10 TKE Traverse

(increments of 0.5).

Measurement (C) - Transverse velocity profiles

C-1: AD70 Umean ADV
Profiles of velocity deficit and TKE at x/D=1, 2,4, | TKE Traverse
6, 7 and 10.

C-2: AD20 Umean ADV
Profiles of velocity deficit and TKE at x/D=2,4,7 | TKE Traverse
and 10.

Measurement (D) - Vertical velocity profiles

D-1: AD70 Umean ADV
Profiles of velocity deficit and TKE at x/D=2 and 7. | TKE Traverse
D-2: AD20 Umean ADV
Profiles of velocity deficit and TKE at x/D=2 and 7. | TKE Traverse

As shown in table 5, there are four main types of measurements conducted through this thesis:
(A) - axial force measurements, (B) - axial velocity profiles, (C) - transverse velocity profiles
and (D) - vertical velocity profiles. The procedures for these measurements are elaborated in
the following subchapters.
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A decay test of turbulence was performed by Aasnas [47] in 2021 to investigate how much
time that was needed between each run in the MarinLab towing tank to ensure that there was
no residual flow or turbulence in the tank that could considerably impact the results of the next
towing run. The test was performed by collecting velocity data from the ADV as the carriage
was moving back to its starting position and the following five minutes when the carriage was
standing still. The rewind speed of the carriage was set to 0.5 m/s, similar to the rewind speed
for the experiments regarded in this thesis. TKE was plotted as a function of time. Three minutes
after the carriage reached its starting position, the TKE was considered to be insignificantly
small. Therefore, Aasnas recommended a minimum wait of three minutes between each run.
A similar minimum wait was set between each run in the towing tank for the velocity
measurements regarded in this thesis. However, as a precaution, the signal from the ADV was
checked prior to each run to confirm that the signal was unaffected by residual flow or

turbulence from the previous run.

3.2.1 Measurement (A) - Axial force measurements

Axial forces on the AD70 were measured using a load cell with a capacity of 100 N.
Measurements were taken at different towing velocities, ranging from 0.1 to 0.6 m/s, both with
and without the actuator disc mounted on the rig. Accordingly, the drag force on the tower (tare
load) could be subtracted from the total drag force on the disc and tower, yielding the drag force
on the disc, referred to as thrust force in this thesis. Furthermore, the thrust force can be used

for calculation of the thrust coefficient of the disc.

A 10 N load cell was used for axial force measurements on the AD20, with towing velocities
ranging from 0.1 to 0.6 m/s. As the load cell was mounted behind the disc, the disc thrust force

could be measured directly, without considering tower drag.

Every towing test measuring axial force at velocities from 0.1 m/s to 0.3 m/s were conducted
three times. The measurements at velocities from 0.4 m/s to 0.6 m/s were, however, conducted
five times. The mean value of these measurement series was used to calculate the thrust

coefficients of the discs at the associated towing velocity.

41



3.2.2 Measurement (B) - Axial velocity profiles

Axial velocity measurements, using the ADV, were taken at different distances downstream of
the actuator discs at the disc centreline, i.e., y/D=0. Measurements were taken at downstream
distances from 1D to 10D, with increments of 0.5D, giving a thorough representation of the
velocity deficit and turbulence development downstream of the disc at the centreline. The
towing tests for the axial velocity profiles were conducted twice for every downstream distance.
The mean value of these two measurement series was used in the analysis of both axial velocity
deficit and TKE profiles. In figure 18, the measurement procedure for the axial velocity profiles

is illustrated.

y/ Downstream
4 >

Actuator disc

W

Figure 18: Illustration of measurement procedure for axial velocity profiles (seen from above). The red
crosses in the figure illustrate where measurements were conducted.

3.2.3 Measurement (C) - Transverse velocity profiles

Transverse velocity profiles were measured at several distances downstream of the actuator
discs using the ADV. For the AD70, transverse velocity profiles were measured at 1D, 2D, 4D,
6D, 7D and 10D downstream of the disc, whereas the AD20 was only measured at downstream
distances of 2D, 4D, 7D and 10D. Thus, the velocity deficit and turbulence development
downstream of the discs can be compared at four different downstream distances, i.e., at 2D,
4D, 7D and 10D.

Transverse velocity profiles were also measured for the rig of the AD70 without the actuator
disc mounted on the nacelle to get an impression of the impact from the nacelle and tower on
the wake of the disc. These measurements were only carried out at downstream distances of

1D, 2D and 4D, as the wake was observed to be almost fully recovered at 4D. This is apparent
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from the transverse velocity deficit and TKE profiles of the nacelle and tower presented in

chapter 4.3.1. For these measurements, D was defined as the diameter of the AD70, i.e., 0.7 m.

Both actuator discs were mounted with a yaw angle of 0°. Thus, the wake is assumed to be
symmetrical around the centre point of the discs, i.e., y/D=0, for the transverse velocity profiles.
Accordingly, only conducting measurements on half of the wake (as shown in figure 19), will
be time-saving, whilst producing reliable wake profiles. Measurements are therefore taken from
the centre point of the discs and outwards in the wake, in only one direction. Then, the
measurements are mirrored around the disc axis to provide a full wake profile. The

measurement procedure for the transverse velocity profiles is illustrated in figure 19.
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Figure 19: Illustration of measurement procedure for transverse velocity profiles (seen from above).
The red crosses in the figure illustrate where measurements were conducted.

3.2.4 Measurement (D) - Vertical velocity profiles

Vertical velocity profiles were measured at 2D and 7D downstream of both actuator discs
regarded in this thesis, thus quantifying both the near wake and the far wake of the discs. As
opposed to the transverse velocity profiles, the vertical velocity profiles could not be assumed
symmetric around the disc axis due to the impact from the tower on the upper half of the wake,
i.e., the half closest to the free water surface. Therefore, measurements should ideally be taken

across the entire wake.
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D-1: AD70

Measuring the entire wake of the AD70, was not possible due to the limited length of the ADV
cabling, as explained in chapter 3.1.3. ADV measurements could be performed at a maximum
depth of 1.0 m. The AD70 could not be raised to a lower water depth, as this would mean that
the wake expansion in the vertical direction would be further limited by the free water surface.

This was explained in chapter 3.1.3.

Therefore, only the upper half of the wake for the AD70 could be measured. This part of the
wake is affected by the tower. The measurement procedure for the vertical velocity profiles for
the AD70 is illustrated in figure 20.
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Figure 20: Illustration of measurement procedure for vertical velocity profiles of AD70 (seen from the
side). The red crosses in the figure illustrate where measurements were conducted.

D-2: AD20

As explained in chapter 3.1.3, the disc centre point of both the AD70 and AD20 was located at
a depth of 1.0 m for the axial and transverse velocity profiles. For the AD20, vertical velocity
profiles could be measured across the entire wake. However, for this to be possible, the disc
had to be raised so that the disc centre point was at a depth of 0.7 m. Accordingly, the lower
half of the wake could be measured up to 1.5 disc diameters out from the disc centre point,
considering the maximum measurement depth of 1.0 m. This measurement range was sufficient
to give a thorough representation of the wake at 2D and 7D downstream of the disc. Raising
the disc centre point to a depth of 0.7 m was assumed to have no significant impact on wake
expansion in the vertical direction, as the distance from the disc centre point to the surface
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would be 3.5D. The measurement procedure for the vertical velocity profiles for the AD20 is

illustrated in figure 21.
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Figure 21: Illustration of measurement procedure for vertical velocity profiles of the AD20 (seen from
the side). The red crosses in the figure illustrate where measurements were conducted.

3.3 Data processing

Data-processing was performed in MATLAB for all experiments conducted in the MarinLab

towing tank; i.e., both force measurements and velocity measurements.

3.3.1 Force data post-processing

Axial force measurement data from the load cells were recorded via the National Instruments
Compact Data Acquisition (cDAQ) system into a LabView script with a sampling frequency of
2 kHz.

Cutting the time series

The time series of the load cell force measurements was cut off at the start and end to remove
the acceleration and deceleration region of the measurement series. This is illustrated in
figure 22. Only the stable region of the measurement series, illustrated by a red line in

figure 22, is utilised for calculation of the mean axial force.
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Figure 22: Cutting the axial force measurements time series. The full measurement series and the
stable region of the series are illustrated by the black and red lines, respectively.

In the measurement example shown in figure 22, the start and end cuts for the measurements
are at sample numbers 30,000 and 160,000, respectively, thus giving a measurement series
length of 65 seconds for this mean axial force calculation.

Mean axial force and thrust coefficient

The mean axial force, Fmean, from a measurement series is given by

N
1
Epean = NzFi
i=1

where N is the number of measurements in the series and F; is a measured force at a specific

(3.8)

time.

The above equation yields the mean axial force of one measurement series. Every towing test
with axial force measurements was, as previously mentioned (see chapter 3.2.1), conducted
between three and five times. Therefore, the mean value of these three to five measurements
series was used as the thrust force at the associated towing velocity. For the AD70, the measured
tower drag was then subtracted from the total drag force on the disc and tower, which yields

the drag force on the disc, referred to as thrust force in this thesis.

Finally, the thrust coefficients of the two actuator discs were calculated for each of the tested
towing velocities by rearranging equation (2.14) and inserting the measured thrust force values.
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3.3.2 Velocity data post-processing

Velocity measurements from the ADV Vectrino+ were recorded with a sampling frequency of
200 Hz.

Cutting of the time series

The time series of the velocity data was cut off in the same manner as for the force data
explained in chapter 3.3.1, removing both the acceleration and deceleration region of the
measurement series. The stable region of the measurement series is shown with a red line in

figure 23.

1 T T T T T T T
Full measurement series
0.8 - Stable region of measurement series |

0.6 |- B

04} " j

0.2+ " Y 4

Measured velocity, ADV [m/s]

-0.6 - -

Il 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Sample nr.

-0.8

Figure 23: Cutting the ADV measurements time series. The full measurement series and the stable
region of the series are illustrated by the black and red lines, respectively.

Figure 23 represents a measurement of streamwise velocity near the disc centreline (y/D=0) at
a downstream distance of 4D. In this region of the wake, velocity fluctuations, as shown in
figure 23, are expected. However, a stable region of the measurement series was identified and
used in further data analysis. The start and end cuts for this measurement series is set to sample

numbers 4,300 and 13,300, respectively, i.e., a measurement series of 45 seconds.

Figure 23 shows that the velocity accelerates from 0 to 0.4 m/s (the set towing velocity) shortly
after the towing carriage starts to move and the data recording is started. Measurements are
steady at 0.4 m/s until approximately sample nr. 2,500, where the ADV enters the wake of the
actuator disc. At the end of the measurement series, the velocity decelerates as the towing
carriage reaches the set end position in the towing tank.
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The selection of start and end cuts was dependent on the downstream distance where the
velocities were measured. When quantifying the far wake, the required distance between the
two carriages, where the disc and ADV were mounted, implied that the distance of the towing
run could not be as large as for the near wake measurements. In addition, the ADV requires
more time at the start of each towing run to enter the wake of the disc when measuring the far

wake compared to the near wake.

Therefore, the start and end cuts were set manually, see figure 23, for each downstream distance.
Considering that this could introduce human error as an uncertainty, the sensitivity of the results
due to the cutting of the time series was investigated through a sensitivity analysis in

chapter 3.5.

Hampel filter

A hampel filter was applied in the data analysis on the ADV measurements in MATLAB. This
filter removes unwanted spikes in the data, as illustrated in figure 24. These spikes occur when
the signal from the ADV transmitter fails to hit any particles in the water, thus the signal is not
reflected to the receiver arms. The hampel filter was set to remove any data points deviating
more than three standard deviations from the average value of the 200 most adjacent data points.
With an ADV sample frequency of 200 Hz, this means removing data points deviating from an

average over one second. Only the filtered data were taken through further analysis.
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Figure 24: Velocity signal (streamwise direction) from ADV before and after addition of the hampel
filter, illustrated by the black and red lines, respectively.
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ADV temperature correction

The temperature sensor on the ADV probe is broken. The sensor shows a constant water
temperature of -7 °C, whereas the actual temperature in the MarinLab tank is approximately
16 °C. As shown in equation (3.4), the ADV utilises the speed of sound in water to estimate
fluid velocities. The speed of sound in water varies with temperature, resulting in a mismatch

between the ADV velocity measurements and the set carriage towing velocity.

Therefore, a correction factor must be added to account for the non-functional temperature
sensor. A calibration procedure, calibrating the ADV against the set towing carriage velocity,
was conducted in 2021 by Bjgrnsen [31]. This calibration showed mismatch between the ADV
velocity measurements and the set carriage towing velocity. However, by implementing a
correction factor in the MATLAB velocity data post-processing, agreement was achieved
between the temperature corrected ADV velocity measurements and the set carriage towing
velocity. Therefore, the same temperature correction factor was applied for the experiments
regarded in this thesis. The inclusion of this temperature correction factor means that the free
stream velocity, Uo, could be defined as equal to the set carriage towing velocity, i.e., 0.4 m/s,

for the velocity data post-processing.

Velocity deficit

The mean velocity, Umean, from a measurement series is given by

N
1
Umnean = NZ U;
i=1

where N is the number of measurements in the series and U; is the measured velocity at a

(3.9)

specific time.

The results of this thesis are presented as the non-dimensional parameter velocity deficit,
AU/Uo, defined as

AU _ . Umean (3.10)

Uy Us

Thus, if the measured Unmean is equal to the free stream velocity, Uo, the velocity deficit is 0.
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Turbulence kinetic energy

The turbulence kinetic energy (TKE) in the wake of the two actuator discs is found by applying
equation (2.25). The TKE is commonly normalised to make the parameter independent of the
incoming flow velocity. This is done by dividing the TKE by the square of the incoming flow
velocity, i.e., the free stream velocity, Uo. Thus, the turbulence can be described by the
non-dimensional parameter TKE /UZ. This is how the turbulence development in the wake of
the two actuator discs will be described in this thesis.

Curve fitting and interpolation

Two types of curve fitting, as well as one interpolation method, were applied in the data post-

processing in MATLAB for the measurement points from the wake investigations of this thesis.

For all the TKE profiles, an interpolation function called makima was applied to the data. By
using makima, or modified Akima interpolation, a spline interpolation with low-degree
polynomials is performed in each of the defined intervals and the polynomial pieces are chosen
to fit smoothly together [48].

When analysing the velocity deficit profiles, the data points from the ADV were least-squares
fitted with a polynomial curve to make the evaluation of the data easier and less susceptible to
potentially bad measurement points. The axial velocity deficit profiles were fitted with a 7-term
polynomial. All transverse and vertical velocity deficit profiles were fitted with a 12-term
polynomial curve, except the vertical velocity deficit profile of the AD70 at 7D downstream.
For this profile, the wake could not be sufficiently quantified due to water surface proximity,
which is further explained in chapter 4.4.1. Thus, fitting a 6-term polynomial curve was more

suitable for this profile.

The transverse velocity deficit profiles were also fitted with a best-fit Gaussian curve to see if
the shape of these profiles follow a Gaussian curve, in accordance with theory presented in
chapter 2.3.2 regarding the far wake region of a turbine. The Gaussian curves, given by equation
(2.23), were fitted to the data points by using a MATLAB function provided by David Roger
Lande-Sudall. The process used for fitting the Gaussian curves to the data points is clearly
described by Lande-Sudall [9].
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3.4 Measurement uncertainty

There are several sources of error to be aware of when conducting laboratory experiments. Due
to these sources of error, there will be uncertainty associated with the measurements.
Measurement errors can be split into two main categories: systematic errors and random errors
[49].

Systematic errors

Systematic errors cause a shift of the measurement values away from the “true” or “accepted”
value [49]. Thus, these errors influence the accuracy of the measurements, i.e., how close the
measurements are to the “true” or “accepted” value. Systematic errors are typically caused by
flawed calibration of instruments, imperfect experimental setup or changes in experimental
conditions. The impact of these errors can be minimised through a carefully planned
experimental design, and by applying proper techniques and instruments both during

experiments and calibrations.

Uncertainties will be associated with the experimental setup for the experiments of this thesis,
as everything is mounted by hand. Potential inaccuracies regarding the depths at which the discs
and ADV are located or the distance between the discs and the ADV could influence the results.

The depth of the ADV for the vertical velocity profiles was adjusted manually. An aluminium
ruler with millimetre resolution was fixed to the ADV construction for reference when adjusting
the depths of the ADV. Consequently, these adjustments could, in theory, be made with
millimetre precision as for the positioning of the ADV for the transverse velocity profiles using
the traverse. However, the element of human error is involved in the depth adjustments, as this

is done manually.

The ADV, actuator discs and load cells must be perfectly aligned with the towing direction in
the MarinLab tank to avoid decomposition of both the force and velocity vector. The actuator
discs should be mounted with both a yaw and tilt angle of 0°. A deviation in yaw angle will
deflect the wake horizontally, whereas a tilt angle will cause a vertical deflection of the wake.
In addition, the axial force on the disc will be decomposed and thus reduced in the axial
direction. This effect will, however, have minimal influence on the results. If, for instance, the
actuator disc was mounted with a yaw angle of 3°, the axial force measured by the load cell,

Fr, red, would be given by
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Frreq = Frcos 3° = 0.99863F; (3.11)
where Fr is the axial force on a disc if it was mounted with a yaw angle of 0°. Thus, a yaw
angle of 3° causes the measured axial force to decrease by 0.137% compared to a disc mounted
with a yaw angle of 0°. The same relation as described in equation (3.11) applies if the disc is

mounted with a tilt angle of 3°.

As explained in chapter 3.1.6, particles must be suspended in the water for the ADV to provide
good quality measurements. Although the suspended particles were supposed to be neutrally
buoyant, the particles tended to sink slowly towards the tank bottom. Therefore, when deemed
necessary, waves were applied from the wave generator for particle mixing. The degree of
particle mixing could not be measured directly, however the signals from the ADV provided an
indication of whether the mixing was sufficient or not. Considering that all measurements
conducted through this thesis could not be performed on the same day under the exact same
conditions, the data quality varied according to the seeding that was achieved on the time of

recording.

Random errors

Random errors are caused by unpredictable fluctuations in the environmental conditions or in
the measuring instrument [49]. These errors influence the precision of the measurements.
Precision is a measure of how closely several measurement values agree, when the
measurements are performed under the same conditions. Random errors are present in in every
experiment and can never be eliminated. The impact of these errors can be minimised by
increasing the sample size or by repeating measurements and using the mean value of these

measurements.

There are unpredictable fluctuations in the environmental conditions during the experiments in
the MarinLab towing tank. The particles suspended in the water, which are essential to the
quality of the ADV measurements, are in continuous movement, and will therefore not be
present at the same location during each run. As such, the experimental conditions will not be
identical for any of the measurements. In addition, the towing carriage may experience
vibrations or choppy movements as it is towed through the tank due to the wiring system. These
irregular motions could transfer to the rest of the experimental setup, which is mounted on the
carriage, and thus effect the measurements. Measurements are also affected to some extent by

random noise, as the towing carriage and measuring equipment with associated electronics are
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not built to prevent random noise. The influence from random errors is reduced in this thesis
by using mean values of measurement series for both force and velocity measurements. In
addition, force measurements are repeated several times, and the mean is used, to further reduce

the effects of these errors.

3.4.1 Uncertainty of load cells

The two load cells utilised for the axial force measurements on the AD70 and AD20 were
investigated in terms of error bar plots to get an indication of the precision of these
measurements. Measurements were conducted three times at towing velocities from 0.1 m/s to

0.3 m/s, whereas at velocities from 0.4 m/s to 0.6 m/s, measurements were conducted five times.

100 N load cell for AD70

The precision of the axial force measurements on the AD70 rig will be considered for the
measurements conducted on the entire rig, i.e., the total drag from the disc and tower. Finding
the standard deviations of the thrust force on the disc is not possible, as this force was found by
subtracting the measured tower drag from the measured total drag. Figure 25 shows the error
bar plot for the axial force measurements on the disc and tower of the AD70 rig at various

towing velocities.
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Figure 25: Axial force measurement error bar plot for the disc and tower of the AD70 rig at various
towing velocities. Error bars represent the standard deviation of the measurements.
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The results from figure 25 can be studied in detail in table 6, which shows the relative standard

deviations of the axial force measurements.

Table 6: Relative standard deviations of the axial force measurements on the disc and tower of the
AD70 rig at various towing velocities.

Tow velocity, Mean disc & | Relative standard
U [m/s] tower drag [N] | deviation, ¢ [%0]
0.1 1.94 4.16
0.2 8.46 3.56
0.3 18.33 4.12
0.4 31.09 2.24
0.5 51.28 0.29
0.6 72.71 2.30

The relative standard deviations of the axial force measurements from the 100 N load cell show
that there is a relatively high uncertainty to be associated with these measurements. Results
vary between runs, and the largest relative standard deviations are experienced at the lowest
towing velocities. This reflects the relatively high degree of non-linearity and hysteresis
observed during calibration (see chapter 3.1.5) and will also be apparent from the axial force

measurement results from the AD70 presented in chapter 4.1.1.

10 N load cell for AD20

The precision of the axial force measurements on the AD20 will be investigated by studying
the standard deviations of the Ct values obtained from the experiments. In figure 26, the error

bar plot for the Ct values from the axial force measurements on the AD20 is shown.
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Figure 26: Error bar plot for the Ct values from axial force measurements on the AD20 with various
Reynolds numbers. Error bars represent the standard deviation of the measurements.

The results from figure 26 can be studied in detail in table 7, which shows the relative standard

deviations of the Ct values from the axial force measurements on the AD20.

Table 7: Relative standard deviations of the Ct values from axial force measurements on the AD20 at
various towing velocities.

Tow velocity, Re Mean disc Mean Relative standard
U [m/s] thrust force [N] Cr deviation of Cr, ¢ [%0]
0.1 1.803 - 10* 0.14 0.87 3.11
0.2 3.607 - 10* 0.54 0.86 1.31
0.3 5.410-10* 1.20 0.85 0.30
0.4 7.214 - 10* 2.12 0.84 0.35
0.5 9.017 - 10* 3.31 0.84 0.64
0.6 1.082 - 10° 4.74 0.84 0.31

As for the 100 N load cell measurements on the AD70, the 10 N load cell experiences largest

relative standard deviations at the lowest towing velocities. At towing velocities 0.1 m/s and

0.2 m/s, relative standard deviations are 3.11% and 1.31%, respectively. Standard deviations

are significantly smaller at towing velocities between 0.3 m/s and 0.6 m/s, varying from 0.30%

to 0.64%.
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Notably, the standard deviations are smaller for the 10 N load cell compared to the 100 N load
cell. This agrees with load cell calibrations, as presented in chapter 3.1.5, and is also reflected
when comparing the results from the axial force measurements on the AD70 and AD20 in

chapter 5.1.

3.4.2 Uncertainty of ADV

The precision of the ADV measurements is not constant throughout the wake. For example, the
precision is not the same if the measurement point is behind the centre of the disc or behind the
edges of the disc. In addition, the precision varies with the downstream distance from the disc.
Bjornsen [31] and Aasnzs [47] conducted experiments in the MarinLab towing tank
investigating the precision of the streamwise velocity measurements from the ADV in the wake.
Both Bjgrnsen and Aasnas conducted measurements behind the disc centre point, and at two
different positions located behind the edges of the disc. Measurements were repeated multiple
times for each measurement point so that the precision of the ADV measurements could be
calculated for each point. The results from these experiments are relevant for this thesis, as the
exact same ADV is used for wake measurements.

Bjarnsen [31] performed measurements in the wake of an array consisting of three trapezoidal
holed actuator discs with diameters of 0.2 m and solidities of 57%. Measurements were taken
in the near wake, at a downstream distance of 2.5D, and resulted in relative standard deviations
varying from 2.60% to 9.85%. Aasnas [47] conducted experiments in the wake of a small wind
farm setup consisting of seven trapezoidal holed actuator discs with diameters of 0.2 m and
solidities of 57%. However, these measurements were taken at 8D downstream of the discs,
i.e., in the far wake. The measurements performed by Aasnas resulted in relative standard
deviations varying from 0.11% behind the disc centre point to 1.86% behind the edge of the

disc.

The results from Bjgrnsen [31] and Aasneas [47] indicate that the uncertainty of the ADV
measurements is related to the level of turbulence at the point of measuring. The relative
standard deviations found by Bjgrnsen at 2.5D downstream were considerably larger than those
found by Aasnzs at 8D downstream, where the turbulence level is significantly lower. In
addition, the results from Aasnas showed that the relative standard deviations were largest

behind the edges of the disc, which are the areas in the wake with the highest turbulence levels.
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As such, there are indications that the uncertainty of the ADV measurements increases as the

level of turbulence increases.

3.5 Effects of time series cutting on ADV measurements

The length of the measurement series for the wake investigations in the MarinLab towing tank
were limited due to the length of the towing tank (50 m), in addition to the acceleration and
deceleration time for the towing carriage and the stabilization time for the ADV measurements.
Results from the wake investigations of this thesis were averaged over measurements series
ranging from 28 to 50 seconds, depending on the downstream distance where the velocities
were measured. Longer measurements series would be preferable, as it reduces the sensitivity
of the results to the cutting of the time series, i.e., the region of the measurement series on which

the analysis is to be based.

Therefore, the sensitivity of the results due to the cutting of the time series was investigated
through a sensitivity analysis. The analysis studies the deviations in the measured mean
streamwise velocity, Uavg, and TKE, at 1D and 7D downstream of the AD70, from the value of
the originally selected time series length when the time series is shortened. The time series was
shortened by changing the start cut for the measurement series, whilst maintaining the same

end cut.

Mean streamwise velocity

The deviation in measured mean streamwise velocity between the originally selected time series
length and various shortened time series lengths from measurements at 1D and 7D downstream

of the AD70 are presented in figures 27 and 28, respectively.
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Figure 27: Deviation in Uayg With various time
series lengths, 1D downstream of the AD70.
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Figure 28: Deviation in Uayg With various time
series lengths, 7D downstream of the AD70.

The above figures shows that the cutting of time series has significantly more impact on the

results when conducting measurements in the near wake of the disc compared to the far wake.

The maximum deviation in measured mean streamwise velocity at 1D and 7D were found to be

70.2% and 4.0%, respectively. In addition, the deviation in Uayg is clearly shown to be greater

within the wake of the disc than outside the wake.

Turbulence kinetic energy

Figures 29 and 30 presents the deviation in measured mean TKE between the originally selected

time series length and various shortened time series lengths from measurements at downstream

distances of 1D and 7D, respectively.
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Figure 29: Deviation in TKE with various time
series lengths, 1D downstream of the AD70.

Figure 30: Deviation in TKE with various time
series lengths, 7D downstream of the AD70.

The results from this analysis are not as conclusive as the sensitivity analysis on Uayg. The
deviation in TKE appeared to be relatively similar at the two selected downstream distances.
The maximum deviation in measured mean TKE at 1D and 7D were found to be 44.4% and
32.4%, respectively. The turbulence levels at 1D are significantly higher compared to the
turbulence levels at 7D. As this analysis investigates the deviation in TKE relative to the
measured value at each point with the original time series length, a small difference in TKE
will have a significant impact on the deviation in regions where the TKE values are low, i.e.,
outside the wake or in the far wake. Thus, the deviations in TKE appear to be relatively high at
both downstream distances, whether measurement points are located within the wake or outside
the wake.
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4 Results

Results from the experiments in the MarinLab towing tank are presented in this chapter. The
experiments include measurement (A) - axial force measurements, (B) - axial velocity profiles,
(C) - transverse velocity profiles and (D) - vertical velocity profiles, for both the AD70 and the
AD20. Furthermore, measurements of transverse velocity profiles were conducted for the rig
of the AD70 without the disc mounted on the nacelle. Notably, the transverse velocity
measurements were only performed on one half of the wake and mirrored around y/D=0, as

explained in chapter 3.2.3.

For the transverse velocity profiles of both actuator discs, the turbulence kinetic energy level
was measured to approximately 8-10 m?s2 at all measurement points located outside the wake
of the discs. This turbulence level is insignificantly small in relation to the scale, and it is a
reasonable approximation for the inflow turbulence level for all the experiments conducted
through this thesis. As such, all experiments are considered to be performed under laminar

inflow conditions.

4.1 Measurement (A) - Axial force measurements

411 A-1: Actuator disc 70 cm diameter

As shown in equation (2.14), the axial force on the disc is dependent on the square of the
incoming fluid velocity. Therefore, by doubling the towing velocity, the axial force should, in
theory, be quadrupled. This theory was reflected by the results from the axial force

measurements on the AD70, as shown in figure 31.

61



140 T T T T T
x  Load cell measurements
Force curve based on C7 = 0.91| |

120 +

—
[=3
[=}

80 -

60 -

Axial force [N

40 -

20

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Towing velocity [m/s]

Figure 31: Measured axial force on the AD70 as a function of towing velocity.

In figure 31, the measured axial forces at different towing velocities are presented with a
theoretical thrust force curve, applying equation (2.14), for an actuator disc based on a thrust
coefficient of 0.91 (displayed as a red line). This thrust coefficient was chosen based on the
average thrust coefficient from the experiments on the AD70. As shown in table 8, Ct values
for the AD70 at different towing velocities ranged from 0.87 to 0.95, resulting in an average
thrust coefficient of 0.91.

The thrust coefficient was shown to be independent of Reynolds number, as illustrated in figure
32. This supports the theory presented in chapter 2.2.2, stating Reynolds independence for drag

coefficients approximately when Re>1000.

1.2

1.1}

Figure 32: Cr values from axial force measurements on the AD70 as a function of Reynolds number.
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The results from the axial force measurements on the AD70 are summarised in table 8.

Table 8: Axial force measurements on the AD70.

Tow velocity, Re Disc & tower Tower Disc thrust | Disc,
U [m/s] drag [N] drag [N] force [N] Cr
0.1 6.312-10* 1.94 0.26 1.68 0.87
0.2 1.262 - 10° 8.46 1.15 7.31 0.95
0.3 1.894 - 10° 18.33 2.61 15.72 0.91
0.4 2.525-10° 31.09 4.35 26.74 0.87
0.5 3.156 - 10° 51.28 6.71 4457 0.93
0.6 3.787 - 10° 72.71 9.89 62.82 0.91

4.1.2 A-2: Actuator disc 20 cm diameter

The results from the axial force measurements on the AD20 are presented in figure 33. As for
the AD70, the axial force on the AD20 was shown to be dependent on the square of the

incoming fluid velocity.

Figure 33: Measured axial force on the AD20 as a function of towing velocity.

The measured axial forces on the AD20 at different towing velocities are presented in figure 33
with a theoretical thrust force curve based on a thrust coefficient of 0.84 (displayed as a red

line). Thrust coefficients at different towing velocities for this disc were found to be ranging
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from 0.84 to 0.87. See table 9.
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By plotting the Ct values against Reynolds number, see figure 34, it was shown that the thrust
coefficient of the disc is independent of Reynolds number at towing velocities of 0.4 m/s or
above, i.e., Re > 7.214 - 10*. The thrust coefficient of the disc was constant at 0.84 when
Reynolds independence was achieved. Measurements conducted in the region without
Reynolds independence, i.e., at towing velocities below 0.4 m/s, produced slightly higher C+
values. Towing velocities of 0.1, 0.2 and 0.3 m/s resulted in Ct values of 0.87, 0.86 and 0.85,

respectively.

In figure 33, a theoretical thrust force curve based on the Reynolds independent Ct of 0.84 was
used for comparison with the measured axial forces, as this Ct value was considered the best
estimate for the thrust coefficient of the AD20.
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Figure 34: Cy values from axial force measurements on the AD20 as a function of Reynolds number.

In table 9, the results from the axial force measurements on the AD20 are summarised.

Table 9: Axial force measurements on the AD20.

Tow velocity, Re Disc thrust | Disc,
U [m/s] force [N] Cr
0.1 1.803 - 10* 0.14 0.87

0.2 3.607 - 10* 0.54 0.86

0.3 5.410 - 10* 1.20 0.85

0.4 7.214 - 10* 2.12 0.84

0.5 9.017 - 10* 331 0.84

0.6 1.082 - 10° 4.74 0.84
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4.2 Measurement (B) - Axial velocity profiles

42.1 B-1: Actuator disc 70 cm diameter

Velocity deficit

The measured axial velocity deficit in the wake of the AD70, from 1-10D downstream, is shown
in figure 35, with a 7-term polynomial least-squares fitted curve.
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Figure 35: Axial velocity deficit profile for the AD70.

Figure 35 illustrates the wake recovery downstream of the AD70 along the disc centreline. The
velocity deficit is largest at 1D downstream, with a velocity deficit of 126.7%. A velocity deficit
above 100% means that there are regions of reversed flow in the wake. The measurements show
that reversed flow occurs along the centreline in the wake of the AD70 when x<2D. As the
ADV is moved further downstream of the disc, the velocity in the wake increases towards the
free stream velocity, i.e., the velocity deficit decreases towards 0. At a downstream distance of
10D, the flow has almost regained free-stream velocity, with a velocity deficit of 8.0%. If
measurements were taken further than 10D downstream of the disc, the velocity deficit is

expected to continue decreasing.
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Turbulence kinetic energy

In figure 36, the axial non-dimensional TKE profile in the wake of the AD70 is shown with a
makima interpolation curve fitted to the measurement points.
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Figure 36: Axial non-dimensional turbulence kinetic energy (TKE/U¢?) profile for the AD70.

Figure 36 shows that the TKE increases downstream along the disc centreline from 1D and
peaks at 3.5D. Then, the TKE decreases towards the ambient turbulence level as the
measurements are conducted further downstream of the disc. The TKE is expected to continue

decreasing if measurements were taken further than 10D downstream of the disc.

4.2.2 B-2: Actuator disc 20 cm diameter
Velocity deficit
In figure 37, the measured axial velocity deficit in the wake of the AD20, from 1-10D

downstream, is presented with a 7-term polynomial curve least-squares fitted to the
measurement points.
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Figure 37: Axial velocity deficit profile for the AD20.

Reversed flow is observed between 1D and 2.5D downstream of the AD20 along the disc
centreline, with a maximum velocity deficit of 121.3% measured at 1D. The velocity deficit in
the wake decreases as the ADV is moved further downstream of the disc. A velocity deficit of

14.3% was measured at 10D downstream. The velocity in the wake will continue recovering

towards the free stream velocity further downstream.

Turbulence kinetic energy

The axial non-dimensional TKE profile in the wake of the AD20 is presented in figure 38 with

a makima interpolation curve fitted to the data points.
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Figure 38: Axial non-dimensional turbulence kinetic energy (TKE/U¢?) profile for the AD20.
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As shown in figure 38, the lowest level of turbulence along the disc centreline occurred at 1D
downstream of the AD20. This would perhaps not be the case if measurements were extended
to more than 10D downstream, considering that the TKE is shown to be on a decreasing
trajectory at 10D. The TKE increases with downstream distance from 1D to 3.5D, where the

peak value occurs. From 3.5-10D, the TKE is shown to decrease with downstream distance.

4.3 Measurement (C) - Transverse velocity profiles

4.3.1 C-1: Actuator disc 70 cm diameter

Velocity deficit

The transverse velocity deficit profiles from the towing tests on the AD70 are presented in
figure 39. The velocity measurements from the ADV are presented with a 12-term least-squares

fitted polynomial curve and a best-fit Gaussian curve.
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Figure 39: Transverse velocity deficit profiles for the AD70. The grey horizontal lines at y/D=2.14 and
y/D=-2.14 marks the tank side walls.
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The results show that a Gaussian curve does not represent the velocity deficit profiles
successfully at 1D and 2D downstream of the disc. However, from 4D and further downstream,
the wake can effectively be represented by a Gaussian curve. This agrees with theory presented
in chapter 2.3.2, stating that the far wake velocity distribution follows a Gaussian profile. As
such, the wake appears to be fully developed at 4D, meaning that the far wake region can be
defined from 4D. Transverse profiles were not recorded at downstream distances between 2D
and 4D, thus the exact downstream position where the near wake ends could not be determined.

In the near wake of the actuator disc, the wake is narrow and there is a large velocity deficit.

Both at 1D and 2D downstream, regions of reversed flow were detected near the disc centreline.

This can be observed in the figure 39 where 1 — Ul > 1.

0

In the far wake, however, the wake is wider, and the velocity deficit is smaller compared to the
near wake. Thus, the transverse velocity deficit profiles demonstrate wake recovery and
expansion. The wake expansion of the AD70 will be analysed in chapter 5.3 and compared with
the AD20.

The transverse velocity deficit profiles show an increased velocity (relative to the free stream
velocity) outside the wake, i.e., a bypass velocity, due to the blockage from the disc. This bypass

velocity can be observed in figure 39 where 1 — Ui <0.
0

Table 10 presents the maximum relative velocity deficit, AUmax/Uo, and bypass velocity,
Ub,max/Uo, from the transverse velocity deficit profiles of the AD70. The table values represent
the ADV measurement points. The measurements show a significant increase in the flowing
velocity around the disc in the near wake region with an increased velocity of 13.2% relative to
the free stream velocity at 1D downstream. In the far wake, from 4-10D, the increase in velocity
outside the wake is less significant, varying from 3.2-3.9%.

69



Table 10: Maximum relative velocity deficit, AUmax/Uo, and bypass velocity, Upmad/Uo, from the
transverse velocity deficit profiles of the AD70. Values represent the ADV measurement points.

Downstream AU pax Upmax
distance Uo Uo
1D 1.289 1.132
2D 1.040 1.072
4D 0.462 1.037
6D 0.246 1.032
7D 0.162 1.035
10D 0.097 1.039

Turbulence kinetic energy

The transverse non-dimensional TKE profiles for the AD70 are shown in figure 40 with makima

interpolation curves fitted to the measurement points.
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Figure 40: Transverse non-dimensional turbulence kinetic energy (TKE/Uo?) profiles for the AD70.
The grey horizontal lines at y/D=2.14 and y/D=-2.14 marks the tank side walls.

Figure 40 shows that the TKE peaks behind the edges of the disc, i.e., at y/D=+0.5D, in the near

wake, at 1D and 2D downstream. The TKE profiles in the near wake have M-shaped curves,
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which is characteristic for turbines due to tip vortices and for actuator discs due to vortices that
are created at the disc edges. Because of turbulent mixing, the vortices break down and the
curve ceases to be M-shaped further downstream, which is apparent from the TKE profiles

between 4-10D. As the wake recovers with downstream distance, the TKE is shown to decrease.

In addition, wake expansion is demonstrated by the TKE profiles in figure 40. The width of the
region with increased TKE is shown to increase as the distance downstream of the disc

increases.

Velocity deficit from nacelle and tower

Experiments investigating the impact of the nacelle and tower on the transverse and axial
velocity profiles of the AD70 was conducted by towing the actuator disc rig through the tank
without the disc mounted on the nacelle. The resulting transverse velocity deficit profiles from
these towing experiments are shown in figure 41. Notably, D was defined as the diameter of

the AD70, i.e., 0.7 m, for these measurements. The diameter of the tower is 50 mm (0.071D).
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Figure 41: Transverse velocity deficit profiles for the nacelle and tower of the AD70.

The transverse velocity deficit profiles from figure 41 show that the nacelle and tower could
have a significant impact on the velocity deficit profiles of the AD70 near the centre of the disc
both at 1D and 2D, with maximum velocity deficits of 32.1% and 13.4%, respectively. At 4D,
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however, the velocity in the wake has almost recovered to the free stream velocity, with a
maximum velocity deficit of 4.3%. The contribution from the nacelle and tower to the velocity
deficit profiles of the AD70 is not of the same magnitude as those presented in figure 41. When
the disc is mounted on the nacelle, the disc is the first obstruction to the flow, and will therefore
be the main contributor to velocity deficit in the wake. Thus, the contribution from the nacelle
and tower are significantly reduced compared to the case without the disc mounted on the
nacelle. The impact from the nacelle and tower on the velocity deficit in the wake of the AD70
becomes apparent when comparing the axial velocity deficit profiles of the AD70 and AD20 in

chapter 5.2.

Turbulence kinetic energy from nacelle and tower

The transverse non-dimensional TKE profiles for the nacelle and tower of the AD70 are shown

in figure 42 with makima interpolation curves fitted to the data points.
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Figure 42: Transverse non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the nacelle
and tower of the AD70.

Figure 42 shows that the TKE in the wake peaks at the centreline of the nacelle (y/D=0) both
at 1D and 2D, with maximum TKE/Uo? values of 0.047 and 0.022, respectively. At all
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downstream distances, measurements were conducted from the nacelle centreline to y/D=0.186

and mirrored around y/D=0.

In the transverse position furthest from the nacelle centreline, i.e., y/D=+0.186, TKE/Uo? values
were found to be 0.014, 0.015 and 0.007 at 1D, 2D and 4D, respectively. However, from the
transverse TKE profiles of the AD70 shown in figure 40, the TKE/Uq? values were found to be
approximately 0.005 in the areas outside the wake at all downstream distances. This suggests
that the transverse velocity profiles of the nacelle and tower were not measured to a sufficient
transverse distance from the nacelle centreline to fully quantify the areas of increased

turbulence induced by the tower and nacelle.

Measurements were not taken at a further transverse distance (y/D) from the nacelle centreline
as the velocity deficit profiles at all downstream distances (see figure 41) indicated that the
entire wake was quantified. Conducting measurements to a further transverse distance (y/D)
would be interesting in order to see whether the turbulence decreases or remains at an elevated

level.

The TKE profiles of the nacelle and tower, indicate that the impact of the nacelle and tower on
the TKE profiles of the AD70 could be significant at downstream distances of 1D and 2D. At
4D, however, these effects are expected to be less apparent. The turbulence contribution from
the nacelle and tower is clearly reflected in the results when comparing the axial, transverse and
vertical TKE profiles of the AD70 and AD20 in chapters 5.2, 5.3 and 5.4, respectively.

4.3.2 C-2: Actuator disc 20 cm diameter

Velocity deficit

In figure 43, the transverse velocity deficit profiles from the experiments on the AD20 are
presented with 12-term least-squares fitted polynomial curves and best-fit Gaussian curves.
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Figure 43: Transverse velocity deficit profiles for the AD20.

As shown in figure 43, the velocity distribution in the wake of the AD20 is effectively
represented by a Gaussian curve at downstream distances of 4D, 7D and 10D. Therefore, the
wake is considered fully developed at 4D, i.e., the far wake region is considered from 4D and
further downstream. The exact end of the near wake region could not be defined as transverse

profiles were not recorded between 2D and 4D downstream.

The largest velocity deficit occurred in the near wake, with regions of reversed flow observed
near the disc centreline at 2D downstream. The velocity deficit in the wake decreased with
increasing downstream distance, reflecting the wake recovery. Wake expansion could also be
observed as the width of the wake was larger in the far wake compared to the near wake. This
will be analysed in chapter 5.3, where the development of the half-wake width with downstream
distance is compared for the AD70 and AD20.

The maximum relative velocity deficit, AUmax/Uo, and bypass velocity, Upmaxd/Uo, from the
transverse velocity deficit profiles of the AD20 are presented in table 11. A maximum increase
in fluid velocity of 4.8% relative to the free stream velocity was observed around the AD20 at
2D downstream. From 4-10D, however, the bypass velocity was in fact between 0.6-0.7% lower
than the defined free stream velocity of 0.4 m/s. This could be consequence of not measuring

the wake to a transverse position with a sufficient distance from the disc centreline in order for
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the measurement point to be outside the wake, i.e., all measurement points are within the wake
and therefore experiences reduced flowing velocities. Another explanation could be that there
IS @ mismatch between the set towing velocity of the carriage and the velocity measurements
from the ADV. However, the results indicate that the bypass velocity of the AD20 is
approximately equal to the free stream velocity. This is reasonable considering that the blockage
ratio of the AD20 is only 0.5%.

Table 11: Maximum relative velocity deficit, AUmax/Uo, and bypass velocity, Upmad/Uo, from the
transverse velocity deficit profiles of the AD20. Values represent the ADV measurement points.

Downstream AUmax Upmax
distance Uo Uo
2D 1.202 1.048
4D 0.607 0.993
7D 0.213 0.994
10D 0.125 0.993

Turbulence kinetic energy

Figure 44 shows the transverse non-dimensional TKE profiles for the AD20 with makima

interpolation curves fitted to the data points.
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Figure 44: Transverse non-dimensional turbulence kinetic energy (TKE/Uo?) profiles for the AD20.
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The TKE at 2D downstream of the AD20 peaks behind the edges of the disc, i.e., at y/D=%0.5D,
thus forming the characteristic M-shaped turbulence curve from turbines and actuator discs.
Further downstream, turbulent mixing causes the vortices created at the disc edges to break
down. However, at 4D downstream, these vortices are not completely broken down, and the
M-shape of the TKE curve can still be detected. At 7D and 10D downstream, the TKE curve is
no longer M-shaped, and the turbulence level is significantly lower compared to the near wake.
In the far wake region, the measurements show an increasing wake width and a decreasing level

of turbulence as the wake recovers with downstream distance.

4.4 Measurement (D) - Vertical velocity profiles

4.4.1 D-1: Actuator disc 70 cm diameter

Velocity deficit

The vertical velocity deficit profiles from the towing tests on the AD70 are presented in
figure 45 with least-squares fitted polynomial curves. As explained in chapter 3.2.4, the vertical
velocity profiles could not be assumed symmetric around the disc axis. Thus, the measurements
could not be mirrored around z/D=0, and the vertical velocity deficit profiles could not be

effectively represented by Gaussian curves.
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Figure 45: Vertical velocity deficit profiles for the AD70. The grey horizontal lines at z/D=1.43 marks
the free water surface. The 2D and 7D measurement points are least-squares fitted with a 12-term
polynomial curve and 6-term polynomial curve, respectively.
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The vertical velocity deficit profiles from figure 45 show that the half of the wake closest to the
free water surface, i.e., where z/D>0, is affected by the tower. This becomes apparent by
studying the velocity deficit profile at 2D downstream. When measurements are conducted
outside the wake of the disc during vertical velocity profiles, the measurement point is still in
the wake of the tower. Therefore, the velocity deficit does not stabilise approximately at 0 when
measurements are conducted outside of the wake of the disc. In chapter 5.5.1, when comparing
the vertical and transverse velocity deficit profiles of the AD70, the impact from the tower on

the velocity deficit profiles will be more apparent.

As shown in figure 45, the upper half of the wake at 7D was not quantified sufficiently, i.e., all
the measurement points at 7D were taken within the wake of the disc. The explanation for this
was the limited distance to the free water surface. Measurements were taken up to a minimum
water depth of 10 cm, i.e., z/D=1.29. If, for instance, the wake was to be quantified to 1.5D

from the disc centre point, the ADV would have to measure at 5 cm above the water surface.

The maximum relative velocity deficit, AUmax/Uo, from the vertical velocity deficit profiles of
the AD70 at 2D and 7D downstream were 1.072 and 0.199, respectively. As such, reversed
flow was observed in the near wake at 2D.

Turbulence kinetic energy

In figure 46 the vertical non-dimensional TKE profiles for the AD70 are presented with makima

interpolation curves fitted to the data points.

«  ADV measurements
Makima interpolation

x=2D x=7D

2 . L L L L L .
0 0.03 0.06 0.00 0 0.02 0.04 0.06

TKE,/U?

Figure 46: Vertical non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the AD70. The
grey horizontal lines at z/D=1.43 marks the free water surface.
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At 2D downstream, peak TKE is observed behind the disc edge, i.e., at z/D=0.5. Thus, if the
TKE profile had been mirrored around z/D=0, the TKE curve would have the characteristic
M-shaped turbulence curve. The impact of the tower on the wake can be observed in the TKE
profile at 2D in the regions closest to the free water surface, which is marked with grey
horizontal lines in figure 46. Despite measurements being conducted outside the wake of the
disc, the measurement points were still within the wake of the tower, meaning that the
turbulence in the tower wake was measured. The impact of the tower on the TKE profiles will
be more apparent when the vertical and transverse TKE profiles of the AD70 are compared in
chapter 5.5.1.

442 D-2: Actuator disc 20 cm diameter

Velocity deficit

Figure 47 presents the vertical velocity deficit profiles for the AD20 with 12-term least-squares
fitted polynomial curves. Notably, measurements are not mirrored around z/D=0, as the vertical
velocity profiles are not assumed to be symmetric around the disc axis. Accordingly, Gaussian

curves will not effectively represent these profiles.
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Figure 47: Vertical velocity deficit profiles for the AD20.
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By studying the vertical velocity deficit profiles both at 2D and 7D downstream, the profiles
are clearly shown not to be symmetric around z/D=0. The lower half of the wake, i.e., z/D<O0,
is not affected by the tower, and thus the velocity deficit both at 2D and 7D stabilises around 0

for the measurement points located at a sufficient depth to be outside the wake of the disc.

The upper half of the wake, i.e., the half closest to the water surface where z/D>0, is shown in
figure 47 to be affected by the tower at both downstream distances. This is easily observed as
a significant velocity deficit occurs both at 2D and 7D even when measurements are conducted
outside the disc wake, owing to the tower wake. As such, the half of the wake which is
unaffected by the tower is more likely to resemble the transverse velocity deficit profiles of the
disc. This will be investigated in chapter 5.5.2.

The maximum relative velocity deficit, AUmax/Uo, from the vertical velocity deficit profiles of
the AD20 at 2D and 7D downstream were 1.185 and 0.248, respectively. Thus, reversed flow

occurred in the near wake at 2D.

Turbulence kinetic energy

The vertical non-dimensional TKE profiles for the AD20 are shown in figure 48 with makima

interpolation curves fitted to the measurement points.

»  ADV measurements
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Figure 48: Vertical non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the AD20.
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At 2D downstream, the TKE is shown to peak behind the edges of the disc, i.e., at z/D=%0.5,
thus forming the characteristic M-shaped turbulence curve. At 7D, however, the TKE profile is
no longer M-shaped as turbulent mixing has broken down the edge vortices.

Due to the presence of a tower in the upper half of the wake (closest to the water surface), i.e.,
where z/D>0, the vertical TKE profiles are clearly shown not to be symmetric around the disc
axis (z/D=0). This is easily observed in figure 48 for the measurement points located at a
sufficient vertical distance from the disc axis to be outside the wake of the disc. In the upper
half of the wake (z/D>0), these measurement points are still within the wake of the tower and
therefore have a significantly higher level of turbulence compared to the lower half of the wake
(z/D<0) where no tower is present. The impact of the tower on the TKE profiles will be further
investigated in chapter 5.5.1 when comparing the vertical and transverse TKE profiles of the
AD20.
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5 Discussion

This chapter will discuss the experimental results of this thesis by comparing the results from
the AD70 and AD20. Furthermore, the results will be considered in relation to theory presented
in chapter 2, as well as existing experimental and numerical turbine and actuator disc

investigations.

5.1 Measurement (A) - Axial force measurements

The results from the axial force measurements on the AD70 and the AD20 are presented in

table 12 for comparison.

Table 12: Axial force measurements on the AD70 and AD20.

Tow velocity, Rep7o Repao Crap0 Crins0
U [m/s]

0.1 6.312-10* 1.803 - 10* 0.87 0.87
0.2 1.262 - 10° 3.607 - 10* 0.95 0.86
0.3 1.894 - 10° 5.410-10* 0.91 0.85
0.4 2.525-10° 7.214 - 10* 0.87 0.84
0.5 3.156 - 10° 9.017 - 10* 0.93 0.84
0.6 3.787 - 10° 1.082 - 10° 0.91 0.84

For all experiments regarded in this thesis, the Reynolds number should, in theory, be
sufficiently high for the thrust coefficients of the discs to be independent of the Reynolds
number. As explained in chapter 2.2.2, Reynolds independence for drag coefficients is achieved
approximately when Re>1000. The C+ values of the AD70 were shown to be independent of
Reynolds number for all the experiments of this thesis, with Re=6.312-10* as the minimum
Reynolds number for the tests. For the AD20, however, Reynolds independence was only

achieved for towing velocities U > 0.4 m/s, i.e., Re > 7.214-10*.

The uncertainty associated with the axial force measurements on the AD70 was, as described
in chapter 3.4.1, larger compared to the measurements on the AD20. This was reflected in the

results, as the Cr values varied significantly more for the AD70 than the AD20. As shown in
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table 12, C+ values for the AD70 and the AD20 were calculated to be 0.87-0.95 and 0.84-0.87,
respectively, from the axial force measurements conducted in this thesis. The best estimates for
the thrust coefficients of the AD70 and AD20 based on these measurements were 0.91 and 0.84,
respectively. This was explained in chapter 4.1. Although the Ct for the AD70 varied through
the experiments, there is a clear indication that the thrust coefficient is higher for the AD70 than
the AD20. This could be caused by blockage from a confined channel, as described in
chapter 2.4.

Equation (2.28) shows that C+ increases with increasing blockage ratio. The blockage ratios of
the AD70 and AD20 are Bap7o = 5.8% and Bapz2o = 0.5%, respectively. Applying the additional
thrust term due to the influence of channel boundaries, from equation (2.28), yields the

theoretical increase of Ct when increasing the blockage ratio from 0.5% to 5.8%:

(1+B) _ (1 + (Bap70 — Bapz0))
(1 - B)Z (1 - (BAD7O - BADZO))2
Thus, the thrust coefficient is expected to be 17.6% higher for the AD70 compared to the AD20

1
=1.176 61)

based on theory. The experiments of this thesis, however, resulted in an 8.33% higher Ct for
the AD70 compared to the AD20.

Notably, the thrust coefficients of the two actuator discs were measured using two different
methods. Axial force measurements on the AD70 were performed at the base of the tower,
whereas the forces of the AD20 were measured directly behind the disc. Although tower drag
was subtracted from the measurements on the AD70 rig, this method is not ideal. The measured
tower drag from the experiments without the disc mounted on the nacelle will, in theory, be
slightly overestimated as the tower would be partly within the wake of the disc during towing
runs with the disc mounted on the nacelle. The velocity deficit in the wake of the disc reduces
the axial force on the tower. Thus, the thrust coefficient of the AD70 could be slightly higher

than the calculated value from the measurements of this thesis.

Huang et al. [50] conducted experiments in a wind tunnel on a circular porous plate with
uniformly distributed square holes and a porosity of 44%, and found a thrust coefficient of 0.92.
Huang et al. also compared their results with several thrust coefficient measurements conducted
by other authors on actuator discs of various porosities and showed that the thrust coefficients
decrease with increasing disc porosity, i.e., decreasing disc solidity. Both discs regarded in this
thesis have solidities of 57%, thus a porosity of (100—57) %=43%. The wind tunnel experiments

performed by Helvig et al. [12], as described in chapter 2.2.1, resulted in a thrust coefficient of
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approximately 1.10 for the 60% solidity (40% porosity) trapezoidal holed disc. Hansen et al.
[18] experimentally investigated a disc identical to the AD20 in the MarinLab towing tank and
found a thrust coefficient of 0.88. The thrust coefficients of the AD70 and AD20 obtained
through the measurements of this thesis, i.e., 0.91 and 0.84, respectively, are therefore of

reasonable magnitude in relation to experimental investigations performed by other authors.

5.2 Measurement (B) - Axial velocity profiles

Velocity deficit

The axial velocity deficit profiles of the AD70 and AD20 are presented in figure 49, with
7-term polynomial least-squares fitted curves.

1'4 T T T T T T T T T T

% ADV measurements, AD70

7-term polynomial least-squares fit, AD70
1.2+ %  ADV measurements, AD20 .
7-term polynomial least-squares fit, AD20

SISE

— 0.6

0.4+

Figure 49: Axial velocity deficit profiles for the AD70 and AD20.

The axial velocity deficit in the wake of the two discs is shown in figure 49 to have similar
development with downstream distance, except in the near wake from 1D to 2D. In this region
of the wake, the geometry of the disc setups greatly influences the wake. Thus, the differences
between the two disc setups, primarily the nacelle for the AD70, causes discrepancies between
the wakes from 1D to 2D.
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Both discs are shown to have recirculation regions in the near wake, a phenomenon that does
not occur in the wake of a turbine. The observed recirculation regions in the wake of the two
discs also differ from experiments conducted by Helvig et al. [12] as presented in chapter 2.2.1.
Helvig et al. observed a recirculation region in the wake of the 60% solidity trapezoidal holed
disc, however, this region was only present less than 1D downstream of the disc. As shown in
figure 49, the AD70 experiences reversed flow at 1D and 1.5D downstream, whereas the
recirculation region is observed between 1D and 2.5D downstream of the AD20. Aasnas [47]
conducted experiments in the MarinLab tank, investigating the wake of small wind farm setups
consisting of five to seven actuator discs (which are identical to the AD20), and observed
reversed flow in the wake of the front row discs at 2D downstream. As such, the measurements

performed by Aasnas agree with the results of this thesis.

The results from figure 49 show that the velocity deficit for the AD70 is larger compared to the
AD?20 at the disc centreline (y/D=0) at 1D downstream. A reasonable explanation for this is the
nacelle of the AD70. The nacelle has a length of 0.525 m (see figure 10). For measurements at
1D, i.e., 0.7 m downstream of the disc, the ADV measurement point is located only 0.175 m
downstream of the end point of the nacelle. As such, the nacelle greatly influences this
measurement and causes a large velocity deficit. This is reasonable considering the results from
the transverse velocity deficit profiles of the nacelle and tower presented in chapter 4.3.1 which

show that a significant velocity deficit occurs at 1D downstream.

At downstream distances of 1.5-10D, the velocity deficit is smaller for the AD70 compared to
the AD20. This does not correspond with wind turbine studies by Magnusson and Smedman
[51] and Vermeer et al. [52], which state that increasing thrust coefficient leads to larger
velocity deficit in the wake. Furthermore, an experimental study by Zhang et al. [53] observed
an increase in the wake velocity deficit of a turbine associated with increasing blockage ratio.
As shown in chapter 5.1, the thrust coefficient of the AD70 was found experimentally to be
8.3% higher than the AD20, owing to the higher blockage ratio of the AD70. As such, the wake
velocity deficit is expected to be higher for the AD70 than the AD20 based solely on the thrust
coefficients. However, a reasonable explanation for observing a smaller velocity deficit in the
wake of the AD70 compared to the AD20 can be found by comparing the TKE profiles of the

two discs.
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Turbulence kinetic energy

In figure 50, the axial non-dimensional TKE profiles for the AD70 and AD20 are shown with

makima interpolation curves fitted to the data points.
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Figure 50: Axial non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the AD70 and
AD20.

Figure 50 shows that the axial TKE profiles generally have similar shapes for the two actuator
discs. Both profiles show that the TKE increases from 1D and peaks at 3.5D downstream of the
discs. From 3.5-10D, the TKE decreases for both discs, a development that is expected to

continue if measurements were taken further downstream of the discs.

The TKE of the AD70 is significantly higher compared to the AD20 in the near wake of the
discs along the centreline, from 1-3.5D downstream. In this region of the wake, the TKE of the
AD70 was found to be 26.8-116.6% higher than the AD20. From downstream distances of
4-10D, however, the TKE of the AD70 and the AD20 are nearly identical. These observations
can be associated with additional turbulence induced by the nacelle of the AD70. The transverse
TKE profiles for the nacelle and tower of the AD70 presented in chapter 4.3.1 show that a
significant level of turbulence occurred at 1D and 2D downstream, whereas at 4D, the induced

turbulence was less apparent.

As explained in chapter 2.3.1, turbulent mixing plays a key role in wake recovery. It has been

shown through several laboratory scale turbine investigations, such as studies by Talavera and
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Shu [54] and Medici and Alfredsson [55], that higher turbulence levels in the incoming flow of

a turbine causes higher turbulence in the wake and therefore a faster wake recovery.

All experiments of this thesis are conducted under laminar inflow conditions. Mechanical
turbulence induced by the nacelle causes significantly higher turbulence in the near wake of the
AD70 compared to the AD20. This increased turbulence means increased turbulent mixing,
hence a faster wake recovery for the AD70 compared to the AD20, which is reflected by the
axial velocity deficit profiles presented in figure 49. The additional turbulence induced by the
nacelle is shown in figure 50 to decay relatively fast, which agrees with theory presented in
chapter 2.3.1.

A study by Wang et al. [56] investigated the impact of the tower and nacelle on turbine wakes
through large eddy simulations (LES) and model experiments in a wind tunnel, and found that
the tower and nacelle generate substantial amounts of turbulence in the near wake, and thus
enhance turbulent mixing in the wake. Wang et al. do, however, suggest that tower and nacelle
effects observed in their study might be more pronounced for the model turbine compared to a
full scale turbine as the tower and nacelle were relatively larger for the model compared to full
scale. This should also be considered for the results of this thesis, with the nacelle of the AD70
being relatively larger compared to that of a full scale device, as stated in chapter 3.1.3. Another
numerical study conducted by Yang & Sotiropoulos [57] showed that the nacelle of a turbine

significantly increases TKE in the near wake.

5.3 Measurement (C) - Transverse velocity profiles

Velocity deficit

The transverse velocity deficit profiles from the towing tests on the AD70 and AD20 are
presented in figure 51. As explained in chapter 4.3, the transverse velocity deficit profiles of
both actuator discs are effectively represented by Gaussian curves at downstream distances
from 4-10D. At 2D, however, the Gaussian curves are not representative of the velocity deficit
profiles, and the measurements are more accurately described by 12-term polynomial
least-squares fitted curves. Therefore, when comparing the transverse velocity deficit profiles
of the two discs in figure 51, the measurements at 2D are shown as 12-term polynomial
least-squares fitted curves, whereas the measurements from 4-10D are presented as best-fit

Gaussian curves.
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Figure 51: Transverse velocity deficit profiles for the AD70 and AD20.

The transverse velocity deficit profiles show that the velocity deficit in the wake of the AD20
is larger compared to the AD70 for all the downstream distances compared in figure 51, i.e.,
2D, 4D, 7D and 10D. These results agree with the axial velocity deficit profiles presented in
figure 49. The explanation can be found in the transverse non-dimensional TKE profiles of the
two discs, which show a significantly higher level of turbulence in the near wake of the AD70
compared to the AD20. Reversed flow is observed for both discs at 2D downstream.

The maximum relative velocity deficit, AUmax/Uo, and bypass velocity, Upmax/Uo, from the
transverse velocity deficit profiles of the AD70 and AD20 are presented in table 13. Values
from table 13 represent the ADV measurement points and will be used in further comparisons

of the two discs.
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Table 13: Maximum relative velocity deficit, AUmax/UO, and bypass velocity, Up max/Uo, from the
transverse velocity deficit profiles of the AD70 and AD20. Values represent the ADV measurement
points. In the table, N/A=not available.

Downstream AD70 AD20
distance AU pax Upmax AUpayx Upmax
Uy Uy U, U

1D 1.289 1.132 N/A N/A
2D 1.040 1.072 1.202 1.048
4D 0.462 1.037 0.607 0.993
6D 0.246 1.032 N/A N/A
7D 0.162 1.035 0.213 0.994
10D 0.097 1.039 0.125 0.993

Increased flow velocity around the disc can be observed both for the AD70 and AD20 at 2D,
with increases in velocities of 7.2% and 4.8%, respectively, relative to the free stream velocity,
Uo. In the far wake, from 4-10D, increased bypass velocity is only observed for the AD70, with
increases varying from 3.2-3.9%. For the AD20, the bypass velocity was in fact measured as
0.6-0.7% lower than the defined free stream velocity of 0.4 m/s. Possible explanations for this
was discussed in chapter 4.3.2. However, these results show that the higher blockage ratio of
the AD70 (5.8%) compared to the AD20 (0.5%) causes a larger increase in the bypass velocity
for the AD70, thus reflecting blockage theory presented in chapter 2.4.

The blockage theory from chapter 2.4 also states that blockage could limit wake expansion. The
relative half-wake width, y12/R, from the transverse velocity deficit profiles in the far wake of
the two discs is plotted as a function of downstream distance in figure 52. The half-wake widths
were found from the best-fit Gaussian curves, and the disc radius is denoted by R. The far wake

of both discs is considered to start at 4D downstream.
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Figure 52: Half-wake width from the transverse velocity deficit profiles for the AD70 and AD20 as a
function of downstream distance.

By studying figure 52, the half-wake widths of the two discs are in good agreement at 4D and
7D. This indicates that the higher blockage ratio if the AD70 compared to the AD20 has no
significant impact on wake expansion when x<7D. However, at 10D downstream, the
half-wake width of the AD20 is shown to be 32.4% larger compared to the AD70. The reason
for this is that the wake expansion of the AD70 is constrained by the side walls of the MarinLab
tank, which are located at y/D=+2.14 for the AD70. As such, the results demonstrate blockage
effects due to a confined channel, as described in chapter 2.4. The results from figure 52 can be
studied in detail in table 14.

Table 14: Maximum relative half-wake width, y1,/R, from the transverse velocity deficit profiles of
the AD70 and AD20. Values are found from the best-fit Gaussian curves. In the table, N/A=not

available.
Downstream AD70 AD20
distance Y12 Y12
R R

4D 0.965 0.957
6D 1.495 N/A
7D 1.440 1.477
10D 1.693 2.241
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As explained in chapter 2.3.2, the velocity deficit, AU, in the far wake of a turbine follows a
self-similar Gaussian curve. The transverse velocity deficit profiles in the far wake of the AD20
and AD70 were compared with a self-similar Gaussian profile to determine if the velocity
distributions were representative of a turbine wake. The self-similar Gaussian profiles shown
in figures 53 and 54 were fitted to the measurement points from 4D downstream of the AD20

and AD70, respectively. For the AD20, the far wake has self-similar behaviour, as shown in

figure 53.
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Figure 53: Transverse profile of normalised velocity for the AD20 at x=4D, 7D and 10D with
self-similar Gaussian profile. The Gaussian profile is fitted to the measurement points at x=4D.

The far wake of the AD70 did not show the same degree of self-similarity as the AD20. This is

clearly demonstrated in figure 54.
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Figure 54: Transverse profile of normalised velocity for the AD70 at x=4D, 6D, 7D and 10D with
self-similar Gaussian profile. The Gaussian profile is fitted to the measurement points at x=4D.
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By studying figure 54, the wake of the AD70 is not self-similar in the regions closest to the tank
side walls. The lowest degree of self-similarity is observed at 10D, where the wake is, as shown
by the half-width profiles from figure 52, constrained by bounding surfaces. Accordingly, the
results of this thesis show that velocity deficit in the far wake of porous actuator discs follows

a self-similar Gaussian curve if the disc wake is unconstrained by bounding surfaces.

Turbulence kinetic energy

Figure 55 shows the transverse non-dimensional TKE profiles for the AD70 and AD20 with

makima interpolation curves fitted to the data points.
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Figure 55: Transverse non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the AD70 and
AD20.

Figure 55 shows that the TKE in the wake of the AD70 is significantly higher at 2D downstream
compared to the AD20. At 2D, the maximum TKE of the AD70 was found to be 36.3% higher
than the peak TKE value of the AD20. At distances further downstream of the discs, the
difference in TKE is less apparent. Generally, the TKE in the far wake of the AD70, from
4-10D, is shown to be slightly higher than the AD20.
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A higher turbulence level in the near wake of the AD70 compared to the AD20 is expected near
the disc centreline (y/D=0) due to the nacelle. However, the transverse TKE profiles from
figure 55 show that a higher turbulence level occurs over large parts of the wake of the AD70.
A possible explanation is found in the transverse TKE profiles of the nacelle and tower of the
AD70, presented in chapter 4.3.1, which indicate that the nacelle and tower also induce
turbulence in areas with no velocity deficit, i.e., areas believed to be outside the wake of the
nacelle and tower. As explained in chapter 4.3.1, the areas of increased turbulence in the tower
and nacelle wake were not sufficiently quantified. The transverse position (y/D), where the
induced turbulence from the nacelle and tower is no longer significant to the AD70 wake, could

therefore not be determined.

Notably, in figure 55, the TKE values appear to fluctuate more significantly in the wake of the
AD70 compared to the AD20. The reasons for this observation are somewhat unclear, but it
could be associated with varying signal quality from the ADV or the size of the ADV
measurement volume relative to the size of the fluid motions occurring in the disc wakes (larger

fluid motions for the AD70 owing to its larger dimensions).

Another interesting observation from figure 55 is that the TKE profile of the AD20 preserves
its M-shape to a distance further downstream compared to the AD70. This becomes apparent
by studying the TKE profiles of the two discs at 4D downstream. At 4D, the M-shape of the
TKE profile can still be detected for the AD20, whereas the TKE profile of the AD70 has
completely lost its characteristic near wake shape. An M-shaped TKE profile is, as explained
in chapter 4.3.1, characteristic of the near wake of turbines and actuator discs due to vortices
created at the blade tips and disc edges, respectively. Turbulent mixing causes these vortices to
break down at a certain downstream distance, and so the TKE curve ceases to be M-shaped.
The significantly higher level of turbulence in the near wake of the AD70 compared to the
AD20 causes the edge vortices to break down at a shorter downstream distance. This indicates

a faster wake recovery for the AD70 compared to the AD20.
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5.4 Measurement (D) - Vertical velocity profiles

Factors such as the ADV cable length and interaction from the free water surface, as discussed
in chapter 3.1.3, mean that the comparison of vertical velocity profiles for the two actuator discs
could not be done to the same extent as for the transverse velocity profiles. However, the
vertical profiles provide interesting observations which will be discussed in the present chapter,

as well as in chapter 5.5.

Velocity deficit

In figure 56, the vertical velocity deficit profiles from the towing experiments on the AD70 and

ADZ20 are presented with polynomial least-squares fitted curves.
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Figure 56: Vertical velocity deficit profiles for the AD70 and AD20. All measurement points are least-
squares fitted with a 12-term polynomial curve, except the profile of the AD70 at 7D which is fitted
with a 6-term polynomial curve.

The impact of the tower on the vertical velocity deficit profiles of the two discs is clearly shown
in figure 56. The tower is only present in the upper half of the wake, i.e., the half closest to the
free water surface where z/D>0. Due to the tower wake, significant velocity deficits occur in
the wake of both discs despite measurements being conducted at a far vertical distance from the

disc centreline.
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It is difficult to compare the two discs at 7D downstream considering that the wake of the AD70
could not be quantified sufficiently. However, at 2D downstream, similarities can be found
between the velocity distributions in the wake of the two discs. Reversed flow was observed in
the wake of both discs at 2D. As for the axial and transverse velocity deficit profiles, the AD70
generally has a smaller velocity deficit at 2D and 7D downstream compared to the AD20, owing
to the higher level of turbulence in the near wake of the AD70, which can be observed from the

vertical TKE profiles in figure 57.

For some of the measurement points of the AD70 located at a far vertical distance from the disc
axis (z/D=0), larger velocity deficits are observed compared to the AD20. This does not
correspond with the transverse velocity deficit profiles shown in figure 51. Interaction between
the wake of the AD70 and the free water surface is a probable explanation for these results. The
centre point of the AD70 and AD20 are located at distances of 1.43D and 3.5D, respectively,
from the free water surface. As such, the wake of the AD70 is more susceptible to surface

effects.

Turbulence kinetic energy

The vertical non-dimensional TKE profiles for the AD70 and AD20 are presented in figure 57

with makima interpolation curves fitted to the measurement points.
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Figure 57: Vertical non-dimensional turbulence kinetic energy (TKE/U¢?) profiles for the AD70 and
AD20.
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As shown in figure 57, the two actuator discs have similar turbulence distributions both at 2D
and 7D downstream. The TKE in the wake of both discs are shown to peak behind the disc
edges at 2D due to edge vortices. These vortices have broken down for both discs at 7D due to
turbulent mixing. At 2D, the TKE in the wake of the AD70 is significantly higher compared to
the AD20, whereas at 7D, the TKE of the two discs are approximately of similar magnitude.

These results agree both with the axial and transverse velocity profiles.

Measurement points located at a far vertical distance from the disc centrelines are shown to
have relatively high levels of turbulence in the upper half of the wake, i.e., where z/D>0, for
both discs. These measurement points are within the tower wake despite being outside the wake
of the disc, and so the turbulence level is of significant magnitude.

5.5 Comparing transverse and vertical velocity profiles

Quantifying the wakes both in terms of transverse and vertical velocity profiles provides a more
accurate representation of the fluid flow downstream of the discs. In this chapter, the transverse

and vertical velocity profiles are compared both for the AD70 and AD20.

5.5.1 Actuator disc 70 cm diameter

Velocity deficit

Figure 58 shows the transverse and vertical velocity deficit profiles from the towing tests on

the AD70 with polynomial least-squares fitted curves.
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Figure 58: Transverse and vertical velocity deficit profiles for the AD70. All measurement points are
least-squares fitted with a 12-term polynomial curve, except the vertical profile at 7D which is fitted
with a 6-term polynomial curve.

The transverse and vertical velocity deficit profiles from figure 58 show that the tower affects
the vertical profiles, causing dissimilarities between the transverse and vertical profiles. These

dissimilarities will be discussed in the following paragraphs.

At 2D, the vertical profile agrees well with the transverse profile for large parts of the wake,
approximately when 0<z/D<0.8. A slightly larger velocity deficit is observed for the vertical
profile in this region owing to the tower. When z/D>0.8, the velocity deficit of the vertical
profile is significantly higher compared to the transverse profile. In this region of the wake, the
measurements points are outside the wake of the disc, and so a bypass flow is observed for the

transverse profiles, whereas the vertical profiles are still affected by the tower wake.

As previously explained, the vertical profile at 7D could not be fully quantified, and the free
water surface is likely to have constrained the wake in the vertical direction. As such, the
transverse and vertical velocity deficit profiles at 7D do not agree to the same extent as was
shown at 2D. The vertical profile shows a significantly larger velocity deficit compared to the
transverse profile, and the velocity distribution for the vertical profile has few similarities with
the Gaussian shaped curve of the transverse profile. At the disc axis (y/D=0 or z/D=0), the
velocity deficit of the vertical profile was 33.1% larger than that of the transverse profile. These
two measurement points should have the exact same position in the wake, and so the velocity
deficit should, in theory, be identical. There could be several explanations for this deviation,
such as the measurement uncertainty of the ADV (see chapter 3.4.2), uncertainty related to the
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cutting of the time series (see chapter 3.5) or possibly a misplacement of the ADV in terms of

downstream distance to the disc (se chapter 3.4).

As explained in chapter 2.3.2, both numerical and experimental investigations of turbines have
shown that the point of maximum velocity deficit is usually shifted towards the tower [21, 23].
This phenomenon was observed by Pierella and Satran [58] through experimental turbine
investigations in a wind tunnel. The experiments of Pierella and Seetran showed that the
presence of the turbine tower wake created a net unbalance in the vertical momentum transport,

and that this was the reason for the observed shift in the vertical velocity deficit profiles.

The points of maximum velocity deficit for the vertical profiles of the AD70 at 2D and 7D were
found at z/D=0.10 and z/D=0.57, respectively. As such, the point of maximum velocity deficit
is shifted more towards the tower in the far wake compared to the near wake. This agrees with
results presented by Crespo et al. [59] from both a numerical model (UPM computer code) and
experimental results from turbine investigations conducted in the wind tunnel at TNO (the
Netherlands Organisation for applied scientific research), which show that the shift of the

maximum velocity deficit increases with downstream distance.

Turbulence kinetic energy

In figure 59, the transverse and vertical non-dimensional TKE profiles of the AD70 are shown

with makima interpolation curves fitted to the data points.

»  ADV measurements, transverse
Makima interpolation, transverse
ADV measurements, vertical

——Makima interpolation, vertical

x=2D x=7D

0 0.0 0.06 0.09 1} 0.02 0.04 0.06

TKE/U?

Figure 59: Transverse and vertical non-dimensional turbulence kinetic energy (TKE/Uo?) profiles for
the AD70.
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The vertical TKE profiles of the AD70 agree well with the transverse TKE profiles both at 2D
and 7D, except for measurement points located at z/D>0.8 or y/D>0.8 at a downstream distance
of 2D. These measurement points are outside the wake of the disc. For the vertical profiles,
these measurement points are still in the wake of the tower, and so the turbulence level is
significantly higher for the vertical profiles compared to the transverse profiles. As explained
in chapter 4.4.1, the vertical profile at 7D could not be measured to a sufficient vertical distance
from the disc axis for the measurement points to be in a region only affected by the tower wake.
Therefore, the tower effect is less apparent for the vertical profile at 7D compared to the profile
at 2D.

5.5.2 Actuator disc 20 cm diameter

Velocity deficit

The transverse and vertical velocity deficit profiles from the experiments on the AD20 are

presented in figure 60 with 12-term polynomial least-squares fitted curves.
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Figure 60: Transverse and vertical velocity deficit profiles for the AD20.

Figure 60 shows agreement between the transverse and vertical velocity deficit profiles both at

2D and 7D where z/D<0 or y/D<0, i.e., the half of the wake without presence of a tower for the
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vertical profiles. On the other half of the wake (z/D>0 or y/D>0), the presence of a tower for
the vertical profiles causes a larger velocity deficit for these profiles compared to the transverse
profiles.

At 2D, the point of maximum velocity deficit for the vertical profile occurred at z/D=0.00. As
such, the point of maximum velocity deficit was not shifted towards the tower at this
downstream distance. This result deviates from numerical and experimental turbine
investigations which usually show a shift towards the tower [21, 23]. A possible explanation
for this could be measurement uncertainty, as discussed in chapter 3.4. At 7D, however, a shift
of the velocity deficit towards the tower was observed for the vertical profile, with the point of
maximum velocity deficit occurring at z/D=0.30.

Turbulence Kinetic energy

Figure 61 shows the transverse and vertical non-dimensional TKE profiles for the AD20 with

makima interpolation curves fitted to the measurement points.

+ ADV measurements, transverse

Makima interpolation, transverse
ADV measurements, vertical
Makima interpolation, vertical

X=2D X=7D

y/D or z/D

0 0.02 0.04 0.06 0 0.02 0.04 0.06

TKE/U?

Figure 61: Transverse and vertical non-dimensional turbulence kinetic energy (TKE/Uo?) profiles for
the AD20.

The vertical TKE profiles of the AD20 are shown in figure 61 to agree relatively well with the

transverse TKE profiles for large parts of the wake. Clear distinctions between the transverse

and vertical profiles are found at both downstream distances in the region where the tower is
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the dominant source of turbulence for the vertical profiles. This is the case when measurements
are conducted at a sufficient vertical distance from the disc axis for the measurement points to
be outside or in the outer parts of the disc wake. At 2D and 7D, this occurs approximately when
z/D>0.8 and z/D>1.0, respectively. Due to the tower wake, the turbulence level of the vertical

profiles is significantly higher compared to the transverse profiles in these regions.

In the half of the wake where no tower is present for the vertical profiles (z/D<0), the turbulence
is shown to stabilise at a lower TKE value for the vertical profiles compared to the transverse
profiles for the measurement points located outside the disc wake. As stated in chapter 3.2.4,
the centre point of AD20 was located at a water depth of 1.0 m for the transverse profiles,
whereas for the vertical profiles, the disc centre point was located at a depth of 0.7 m. This

could be an explanation for the difference in turbulence level.

Both numerical and experimental wind turbine investigations have shown that the point of
maximum turbulence intensity is usually found above the turbine axis [21, 23]. Relating these
observations to the experiments of this thesis, the point of maximum turbulence should be
observed in the vertical profiles in the half of the wake where no tower is present (z/D<0). This
phenomenon was not observed when comparing the transverse and vertical TKE profiles of the
ADZ20. The peak TKE values from these profiles were almost identical. In fact, for the vertical
profile at 2D, the peak TKE was found in the tower-affected half of the wake (z/D>0). This
observation indicates that there are some characteristics of a turbine wake that are not perfectly

represented by using an actuator disc.
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6 Conclusion

Experimental investigations of two 57% solidity trapezoidal holed actuator discs with diameters
of 0.7 m (AD70) and 0.2 m (AD20) have been performed in the MarinLab towing tank at HVL
under laminar inflow conditions. The disc setups were different, with the AD70 being mounted
on a relatively large nacelle compared to a full scale turbine, whereas the AD20 was mounted
without a nacelle. Tower, nacelle and potential blockage effects are investigated by measuring
the wake flow and thrust coefficient of these two setups. In addition, the measurements are used

to assess how well the wake of actuator discs represent the wake of a turbine.

The axial force measurements indicate that blockage effects should be accounted for when the
blockage ratio is 5.8% or above. The thrust coefficients of the AD70 and the AD20 were found
to be 0.91 and 0.84, respectively. Thus, the thrust coefficient of the disc was increased by 8.3%
when the blockage ratio was increased from 0.5% (AD20) to 5.8% (AD70). The results
therefore indicate that the thrust increases with increasing blockage ratio. Thrust coefficients
were shown to be independent of Reynolds number when Re>6.312-10%,

The higher blockage ratio of the AD70 compared to the AD20 also caused a larger increase in
the bypass velocity for the AD70. Recirculation regions were observed in the near wake of both
actuator discs, which does not correspond with the wake of a turbine. The transverse velocity
deficit profiles show that a Gaussian curve does not represent the velocity deficit profiles
successfully at 1D and 2D downstream of the discs. However, from 4-10D, the velocity deficit
profiles of both discs were effectively represented by Gaussian curves. Thus, the far wake
region was defined from 4D for both discs. The vertical velocity profiles were shown not to be
symmetric around the disc axis, as expected due to the presence of a tower. The results of this
thesis indicate that the far wake region of a rotating turbine can be effectively represented by

using actuator discs.

The experiments showed that the velocity deficit was larger in the wake of the AD70 compared
to the AD20 at 1D downstream, most likely due to the nacelle of the AD70. At downstream
distances of 1.5-10D, however, the velocity deficit of the AD20 was larger compared to the
AD70. A reasonable explanation for this was found in the TKE profiles of the two discs. The
TKE profiles showed a significantly higher turbulence level in the near wake of the AD70
compared to the AD20. This was likely caused by the nacelle of the AD70. The results indicate

that the significantly higher level of turbulence in the near wake of the AD70 compared to the
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AD20 leads to a faster wake recovery for the AD70. In the near wake of the discs, peak TKE
values were found behind the disc edges due to vortex shedding from the disc edges. These
vortices were shown to break down at a shorter downstream distance for the AD70 compared
to the AD20, owing to the higher turbulence level in the wake of the AD70. The faster wake
recovery of the AD70 compared to the AD20 was apparent both from the smaller velocity

deficit and the faster breakdown of the disc edge vortices in the wake of the AD70.

Blockage effects on wake expansion were demonstrated through the half-wake width
development downstream of the discs. The half-wake width of the AD70 and AD20 were
similar at downstream distances of 4D and 7D. However, at 10D, a 32.4% larger half-wake
width was observed for the AD20 compared to the AD70, as the wake expansion of the AD70

was constrained by the tank side walls.

Self-similar behaviour was shown for both actuator discs, except in the regions closest to the
tank side walls for the AD70. The results of this thesis therefore indicate that velocity deficit in
the far wake of actuator discs follows a self-similar Gaussian curve if the disc wake is

unconstrained by bounding surfaces.
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7 Suggestions for Further Work

The results of this thesis have demonstrated several important aspects regarding the wake flow
and loadings of turbines, such as tower, nacelle and blockage effects. These effects should also
be considered for the 0.7 m diameter hydrokinetic turbine which is under development at HVL.
The rig designed for the AD70 was shown to be adequate in terms of functionality and strength
requirements and could therefore also be applied for the HVL turbine. After completion of the
turbine, it would be interesting to conduct experiments, similar to those presented in this thesis,
on the turbine. The results from the turbine tests could then be compared with the results from
the experiments on the AD70 to see the extent to which the actuator disc is able to represent the
0.7 m diameter turbine. This information is valuable for future laboratory scale investigations
of turbines using actuator discs.

The wake flow of the actuator discs has been investigated through single point measurements
from an acoustic Doppler velocimeter (ADV) in this thesis. These measurements could
alternatively be conducted using an optical measurement technique called particle image
velocimetry (PIV) [60]. PIV enables the velocity field of an entire region within a flow to be
measured simultaneously, such that flow structures can be visualised. Accordingly, vortices
formed in the disc wakes could be visually observed, and the effects of the nacelle on the near
wake flow structure could be investigated in further detail. PIVV measurements could be used to
confirm the observations of this thesis. Specifically, the significantly higher turbulence level in
the near wake of the AD70 compared to the AD20, which appeared to enhance wake recovery,

could be further investigated.

Furthermore, the experimental data from this thesis should be used for validation of analytical
wake models and numerical modelling tools, such as computational fluid dynamics (CFD) and
blade element momentum (BEM). Identifying deviations between model predictions and
experimental data could contribute to improving these models such that turbine loads and flows

around turbines can be predicted more accurately.
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