
In the Wake of a Tidal Turbine

Samuel Miller Rose

Department of Mechanical and Aerospace Engineering

University of Strathclyde

A thesis presented in fulfilment of the
requirements for the degree of

Doctor of Philosophy

March 2018



Statement of Originality

This thesis is the result of the author’s original research. It has been

composed by the author and has not been previously submitted for

examination which has led to the award of a degree.

The copyright of this thesis belongs to the author under the terms

of the United Kingdom Copyright Acts as qualified by University of

Strathclyde Regulation 3.50. Due acknowledgement must always be

made of the use of any material contained in, or derived from, this

thesis.

Signed: Date:



Abstract

Tidal energy is rapidly developing as a source of renewable energy.

Horizontal axis tidal turbines are being installed in arrays, where de-

vice spacing is an important issue. Array performance will be affected

as the flow from upstream devices (i.e. the wake) interacts with down-

stream devices. Further experimental data is necessary to understand

the characteristics of turbine wakes, in particular the wake far down-

stream.

This work describes a series of physical tests undertaken to charac-

terise the wakes of scale model tidal turbines. An Acoustic Doppler

Velocimeter (ADV) is used to profile the wakes of two turbines op-

erating in six configurations: varying tip speed ratio, blade number,

and including a device with contra rotating rotors.

The wakes of various turbine configurations are mapped using velocity

and turbulence data. Evidence of the wake can still be detected twenty

five diameters downstream of the single rotor device, further than

some literature suggests. If this is replicated on full scale devices in

sea, this may impact the necessary spacing of devices within an array,

or the performance of downstream devices.

Evidence is found of rotational structure in the wake at eight diame-

ters downstream. This is further than is suggested in most literature.

The wake from the contra rotating device recovers faster than the

wake from single rotor devices, and the rotational aspect of the near

wake is diminished. Thus a contra rotating device could be used ad-

vantageously to give a smaller wake footprint for a given amount of

power captured. This could allow a more efficiently packed array,

increasing the performance of the array over a given area.
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Across the world so wide, the days go on unchanging;
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tide.
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Symbols
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Chapter 1

Introduction

1.1 Tidal Energy

Recently there has been a significant focus on the development of new energy

sources. This is spurred on by a desire to slow the increase of carbon dioxide

emissions, and to reduce the reliance on fossil fuels by diversifying the energy

portfolio. Various renewable energies have seen great advancement in their tech-

nological and economical feasibility, although few are mature. One such resource

is tidal energy. Tidal energy, as its name suggests, is energy derived from the

periodic movement of large volumes of water within the seas. These movements

are regular and predictable, making tidal energy unique among renewable ener-

gies, increasing its desirability and speeding its development. This energy is of

particular interest to the British government and market, as approximately 8 %

of the world’s tidal resource is situated in British coastal waters.

A working knowledge and understanding of the tides stretches back to pre-

historic times. The earliest known use of tidal power comes from the 8th century

A.D. and is located on Mahee Island in Strangford Lough, Northern Ireland. A

pool was filled during the high tide and the water released in a controlled fashion

to power a mill wheel. Aside from scale and power take off, the method used was
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the same as that used for present day tidal barrages. Tidal barrages are large,

man made lagoons within the sea capable of maintaining a difference in water

level from the surrounding sea. This head difference can then be exploited by

using the kinetic energy derived from equalising the water levels to drive turbines

and thus generate electricity. A well known example of an operational tidal bar-

rage is that of the La Rance scheme, in France, constructed in 1966. Further

such developments are possible, however they face significant obstacles, such as

a sizeable ecological impact and large building costs.

Instead, a more acceptable method of harnessing tidal energy is found in the

free turbine model. As opposed to the barrage model, which harvests and then

forces the flow of water, the free turbine model makes use of the already existing

flow of water. In this there is a clear parallel to conventional wind energy. Within

the last twenty years, a wide variety of tidal devices have been proposed. Some

of these have been tested at scale, whilst others have gone on to have prototypes

tested. Unlike wind turbines, there is not a single, uniform design which has been

settled on, and there is unlikely to be one as various devices will be best suited

to different resource locations, depending on their strengths.

1.2 Example Devices

Three examples of devices are given below to illustrate the differing nature of

designs. All three devices have undergone sea testing and further deployment is

planned.

Atlantis

Atlantis resources operate a gravity based, three bladed device with an 18 m

diameter rotor, and rated to 1.5 MW. The device has variable pitch and yaw

so as to react to changing flow speed and direction during the tidal cycle. The
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MayGen project installed four devices in Orkney in 2016, with the intention to

install a further 53 devices over the coming years (Atlantis-Resources, 2018b).

OpenHydro

The OpenHydo device is unique in that the blades are located on the inside of

the generator, and there is no hub as such (Open-Hydro, 2018). Instead, the

stator and generator form a duct through which the flow is accelerated into the

blades and the open centre. A 250 kW prototype was installed in Orkney in 2006;

since then devices have been installed in France and Canada, and are preparing

to install devices in Northern Ireland, Anglesey and Japan. Early iterations of

the device have been mounted on two piles, and can be raised and lowered as

required, however commercial projects remain fixed to the seabed.

CoRMaT

The Contra Rotating Marine Turbine (CoRMaT) is a contra-rotating tidal tur-

bine designed by Nautricity (Nautricity, 2018). The device consists of two rotors,

located on one shaft, spinning in opposite directions. CoRMaT is designed to

be direct drive, avoiding the use of a gear box. The contra rotation provides

torque balance over the system, eliminating the need for a rigid support struc-

ture. Instead, the device is positioned by floating it between an anchor and a

buoy, allowing it to freely align with the flow direction. This allows a relatively

easy installation and recovery process, making it ideal for deep water resources.

Full scale commercial deployment is currently underway.

Although these devices are extremely different in their design and operation,

and they may be suited to different types of tidal resource, they are similar in

that each developer is using, or plans to use, individual devices as part of a larger

array. To take advantage of economies of scale multiple devices will be situated

together. This reduces the overall cost of location surveying, installation, cabling
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and grid connection. It also allows for the maximum utilisation of the high energy

areas. Typically these areas are located around headlands and in channels, where

the flow is constricted in some way, and the flow speed is higher than in the open

sea. The number of attractive sites is limited, and there may be competition to

obtain the rights to deploy in them. Furthermore, these areas are by definition

limited in space, and so only a certain number of devices may be put in place.

The number and positioning of devices is dependent on certain interlinked fac-

tors, and it is by no means clear that any standard solution has been given to

this problem for any type of device.

The primary objective of any commercial project is to make money, and it

is through this consideration that all other constraints are viewed. Money is to

be made through the generation of electricity, so electricity generation should be

maximised. The manufacture and installation of a device is a significant cost,

but if each device added earns more revenue through electricity generation than

it costs, then the number of devices should also be maximised. However, it is

clear that with a finite resource there must be a point at which adding further

devices will no longer increase profit. As each device is added it reduces the

energy available to all other devices, by reducing the flow speed, thus reducing

the amount of energy any following device may capture. Over a large enough

area this reduction may be negligible, but in a channel, or if devices are close

together, the impact will be noticeable.

1.3 Wakes

As each device interacts with the flow it leaves a footprint downstream, known

as the wake. This may take the form of reduced velocity, increased turbulence or

vorticity structures within the flow. A fundamental factor in the consideration of
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any array of tidal energy devices is the interaction between the wake of a device

and the fluid intake of any device further downstream. This has the potential

to have a major impact when assessing the economic viability of any proposed

array. There are three main ways in which the wake can affect any downstream

device:

• A reduction in velocity – this may lead to less power capture.

• An increase in turbulence – this may lead to greater loadings on the device,

potentially increasing maintenance costs and shortening the lifespan.

• An intake flow that is significantly asymmetrical – this too may lead to

greater loadings on the device, increasing maintenance costs and shortening

the lifespan.

Aside from the economic ramifications of wake effects, environmental factors

must also be considered. Any change in flow characteristics will impact the sur-

rounding climate. Most plants and animals live within specific tolerances, and a

change to flow velocity or turbulence may increase or decrease the survivability of

a species. Through scouring of the seabed the local bathymetry may be changed.

The wake of a device is not permanent, rather it recovers as it travels down-

stream. It is gradually broken down by the surrounding flow until equilibrium is

reached. The manner in which this occurs is dependent on the operation of the

turbine device and the ambient flow conditions, and is of great interest as it will

partly determine the placing of devices within an array. It is with this in mind

that this study seeks to investigate the wakes of tidal energy devices.

1.4 Contra Rotation

Working under water presents particular challenges and opportunities. Because

water is far more dense than air, devices can be designed which displace a mass
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equal to their own, i.e. the device can be made neutrally buoyant. This eliminates

the need for a weight bearing support structure, though it does not eliminate the

need for a station keeping device or a reactive torque to counter the rotation of the

blades. If the station keeping is undertaken using firmly anchored mooring lines,

the reactive torque can be generated using contra rotation. A contra rotating

turbine is one where two sets of rotors are mounted on the same axis and rotate

in opposite directions. The rotors are positioned close together, so that they act

as a single hydrodynamic system. Applications of this concept can be found on

ships, aeroplanes and helicopter rotors. Note that contra rotation is not to be

confused with counter rotation, where rotors are mounted in parallel on separate

axes.

Contra rotation will have five immediate advantages to it beyond that of

eliminating the support structure.

• Firstly, for the cost of a second rotor the power output can be increased.

• Secondly, the rotation in opposite directions facilitates a direct drive gen-

erator, eliminating the need for a gearbox, thus reducing complexity and

increasing reliability.

• Thirdly, the device can be deployed more easily in deep water or areas

with difficult seabeds, as it does not require a solid structure on the seabed.

• Fourthly, the device is easily moveable and can be towed using a small boat

simply by detaching the moorings. This allows maintenance and checks to

be undertaken off site, reducing the need for expensive divers, ROVs or jack

up barges, and reducing time lost waiting for suitable weather windows in

which to operate.

• Fifthly, the lack of a support structure may reduce loading on blades due

to shadowing (i.e. when the blade loading changes as it passes behind the
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support structure (Frost et al., 2014). This advantage may be offset by the

different blade loading brought about when the downstream contra rotating

blades pass behind the upstream blades.

Furthermore, there may be a sixth advantage. The wake of a contra rotating

device is considerably less than the sum of two independently operating devices

as the swirl imparted to the fluid by the rotation of the blades is lessened by the

contra rotation. If this reduces the impact of the wake, the ability to maximise

the resource captured by an array of turbines may be increased. For this reason

it was decided to investigate the wake of a contra rotating device.

1.5 Choice of Method

Small scale experimental testing was chosen as the preferred method of testing.

The alternatives were large scale testing and Computational Fluid Dynamics

(CFD). Large scale testing would be testing on a scale approaching 1:1, and

is the only method that would minimise the employment of assumptions and

approximations. However, reasons for not undertaking large scale testing are

quickly apparent when expense is considered, be it for a large scale flume, tow

tank or in sea testing. Boat hire, blade manufacture and equipment would all

be prohibitively costly for a wake study. Even if the cost of the device were

to be excluded, and an already installed device were to be tested, achieving

satisfactory measurement resolution for large scale devices would be difficult . A

towed turbine must have some form of extension where the measuring device is

also towed, a situation unfeasible beyond a few rotor diameters downstream. Any

stationary device may have downstream instruments to take measurements (such

as Acoustic Doppler Current Profilers) but these are expensive and difficult to

move and reposition, meaning that a simple grid of 15x10 measurements would

take multiple days or even weeks to obtain, whereas in a lab they could be taken
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in one measurement session.

A further consideration is repeatability, as in sea conditions the tide is never

in a steady state; the flow velocity is always changing. An in sea experiment

can be approximately re-run every 12 hours with each new tide, but even then

the strength of the tide will vary throughout the tidal cycle, and an accurate

repetition is only possible given a full month (depending on the tidal pattern at

any given location).

CFD has been repeatedly used for assessing tidal devices, and can be a cheap

alternative to physical testing. In addition, it offers considerably greater reso-

lution, and modelling at scales smaller than is realistically possible for physical

model testing. However, to fully capture the wake effects of a turbine using

computational methods requires considerable computational power, and simplifi-

cations are generally made.

Two such simplifications are generally useful but limit the applicability of

computational results. Turbulence is often approximated using models such as

k-epsilon or k-omega. These are helpful in that they greatly reduce the computa-

tional cost of a simulation, but they are unable to fully represent the exact flow

physics, and require verification and validation, which in turn require empirical

data. The rotor of a device is often simplified using the actuator disk approach,

replacing the spinning rotor with a porous disk of equal thrust. This is very de-

sirable because the three dimensional modelling of a spinning rotor poses many

challenges, such as the variation in scale needed to capture flow separation and

stall on the blade surface compared to the large distances needed to map the far

downstream wake. However, the use of an actuator disk does not account for

the rotational aspect of the wake caused by a spinning rotor. This rotational

aspect generally lasts through the near wake, and impacts wake breakdown and

expansion. In addition to this, the actuator disk method may not fully capture

the unique flow of a contra rotating device. For these reasons it was decided
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that small scale physical testing was the best choice considering the goals of the

project.

1.6 Project Goals

There is a need for further understanding of turbine wakes, therefore this project

sets out to map the wake of a tidal device. More specifically the following objec-

tives are sought:

• 1. To quantify the wake recovery of a generic device through three dimen-

sional velocity and turbulence measurements. In particular to determine to

what extent the wake can be detected far downstream.

• 2. To compare the wakes generated by various different configurations of

device, by altering variables such as rotational speed, blade pitch angle, and

number of blades.

• 3. To examine the wake of a contra rotating device, and compare it with

that of a single rotor device. In particular to investigate the breakdown of

the wake and the presence of rotation in the near wake.

These outcomes are to be set alongside comparable results from literature.

1.7 Outline of Thesis

The theory relating to the physics of a turbine wake is introduced in Chapter

2, and then a survey of pertinent literature is presented in Chapter 3. Two sets

of experiments are undertaken, and the methodology for both is described in

Chapter 4. The first makes use of a basic, generic turbine device. It is used to

assess the effectiveness of the device in generating a wake comparable to that of a

functioning tidal turbine and to provide a detailed picture of the wake. It is also
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used to appraise success of the method of data capture, and results are presented

in Chapter 5.

The second set of experiments makes use of a more sophisticated generic

device, which can be configured to represent a single rotor device or a contra

rotating device similar to CoRMaT. The number of blades and the pitch angle

of the blades can also be varied. Although no specific full scale device is held in

mind, these experimental devices could be scaled to commercial sized devices via

tip speed ratio and Reynolds number. The transition between the near and far

wake is examined, and the far wake is scrutinised to ascertain the wake progression

over a long distance, and investigate the wake breakdown. The wake of a contra

rotating device is also examined. Ultimately the implications for array spacing

are discussed. Results for this turbine are presented in Chapter 6. In Chapter

7 results from Chapter 6 are compared with those from Chapter 5, and then to

similar experimental work found in literature. Finally, project conclusions are

presented in Chapter 8.
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Chapter 2

Wake Theory

This chapter introduces the theoretical aspects of the wake of a tidal turbine.

2.1 Turbulence

Turbulence is a notoriously complex phenomenon. It is often treated using em-

pirical or semi-empirical relationships or assumptions which only hold for limited

cases. Only a brief outline of turbulence will be given here due to the plethora of

material available on the subject.

Turbulence is difficult to define, but can be described as irregular, diffusive,

involving high Reynolds numbers, three dimensional, dissipative and continuous

(i.e. of a continuum) (Tennekes and Lumley, 1972). It is a property of the

fluid flow, as opposed to a fluid property. Whilst turbulence is not strictly a

random process, it is often treated as such, using statistical rather than deter-

ministic methods. It arises when a flow of sufficiently high Reynolds number

is disturbed by some instability, and is maintained by taking energy from shear

flow. Turbulence can be thought of as a continuum of eddies. Large eddies are

generated which then bleed energy down to smaller eddies, which in turn lose

energy to even smaller eddies, as per Richardson’s famous poem. This process

continues to a very small scale, where viscosity dominates and energy is dissipated
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as heat. As these eddies are part of the larger fluid flow, turbulence can also be

thought of as fluctuations of velocity about the mean flow. These fluctuations

occur at all wavelengths down to viscosity scale. Kolmogorov postulated that

these fluctuations are independent of initial and boundary conditions, and are

determined only by kinematic viscosity and rate of average dispersal of energy, ε

(Scott, 2005). Furthermore, above the smallest scales viscosity can be neglected,

so fluctuations depend only on ε, which in turn is dependent on the velocity and

length scales (Tennekes and Lumley, 1972). Within the inertial subrange (above

viscosity scale) the dissipation rate can be given as

E(κ) = αε2/3κ−5/3 (2.1)

where E(κ) is the energy spectrum, α is a constant empirically found to be

about 1.5, κ is the wave number and ε the dissipation rate. This gives rise to a

spectrum of energy dissipation, known as Kolmogorov’s 5/3s law (Tennekes and

Lumley, 1972). Thus

E(κ) ∝ κ−5/3 (2.2)

2.1.1 Scales

Eddy sizes are helpfully described by length, time or velocity scales (Tennekes

and Lumley, 1972). The largest length scales, lT , are determined by the channel

diameter, and the smallest by viscosity. The velocity scale can be calculated as

VT ≈ k
1
2 (2.3)

where k is the mean kinetic energy in the turbulence,

k = 0.5V ′2 (2.4)
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Thus the turbulence time scale can be found using the usual speed–distance–

time relationship, where lT is the hydraulic diameter (the ratio of fluid area to

channel wetted perimeter,

tT =
lT
VT

(2.5)

and the turbulence Reynolds number can also be calculated.

ReT =
uT lT
ν

(2.6)

2.1.2 Relevance to Tidal Energy

The in-sea fluid flows relevant to tidal energy are likely to be exclusively turbu-

lent (rather than laminar), and this turbulence plays a number of roles within the

subsea environment (Akwesivie, 2004). Additional turbulence created by a tidal

energy device may have significant consequences to a number of areas, primarily

due to its tendency to mix flows. Salinity generally varies vertically in the water

column, depending on bathymetry and local current strength, and additional tur-

bulence could facilitate the mixing of previously unmixed layers. Temperature

also varies vertically throughout the water column, and certain organisms which

only survive within a set salinity and temperature range may be affected by input

turbulence. Sediment is lifted into the water column, depending on the strength

of the current, and transported to less energetic areas or continually kept moving.

If severe changes were to occur to the fluid dynamics then the local bathymetry

and tidal patterns might change.

2.2 Flume Tank Hydrodynamics

Many flume channels operate within a turbulent regime. An open channel flow

is one in which the balance of forces occurs between gravity and friction as op-
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posed to the pressure forces of a closed pipe. This is because of the free surface,

which equalises pressure to atmospheric at the topside of the fluid flow, but adds

complexity by allowing variation in depth.

Open channels can be classified by depth change with respect to distance.

They can also be classified by the Froude number, a number roughly equivalent

to the Mach number, which determines whether the flow is sub or super critical.

The Manning formula is frequently used as a correction for the friction in an open

channel, given as

V =
1

n
Re

2/3
h S1/2 (2.7)

Values of n = 0.014 ± 0.003 for painted steel and 0.010 ± 0.002 for glass are

offered in White (1994), where further discussion on flow inside an open channel

can be found.

2.3 Turbine Wakes

2.3.1 Generating Power

Aside from the changed working fluid, in Bahaj et al. (2007) the differences be-

tween tidal energy capture and wind energy capture are highlighted as the array

spacing, the existence of the free surface and the boundary proximity. The prin-

ciples underlying the conversion of tidal energy into electrical power are shared

with that of wind energy, and are well documented. Therefore a brief summary

will suffice; for a more detailed explanation refer to Hansen (2008). A moving

fluid exerts a force upon a rotor, causing it to rotate. This rotor extracts kinetic

energy and transforms it into mechanical energy. This rotation is used to turn a

generator – either by directly driving a shaft or through a gearbox – which then

produces electrical power. As the device takes energy from the fluid, the flow
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downstream of the device is changed. The resultant flow is the wake, the focus

of this study.

2.3.2 Actuator Discs

The development of the wake can be described in various ways, and one of the

more common descriptions is that of the actuator disc theory. As it simplifies

the system, so as not to require rotating components, it is popular for both

physical and computational modelling (e.g. Myers (2005)). Fluid passing through

a rotor imparts kinetic energy to it, and this energy transfer manifests itself

as a drop in pressure. As the flow approaches the device the pressure begins

to rise from freestream. Corresponding to this, and according to Bernoulli’s

equation, the velocity begins to decrease. Immediately upstream of the rotor the

pressure reaches a peak, and drops to a low immediately downstream of the rotor.

The velocity continues its gradual decrease, and because of the mass continuity

equation (assuming incompressibility), the flow area expands,

ṁ = ρA1V1 = ρA2V2 (2.8)

The pressure then gradually recovers to ambient pressure. In this way the

rotor can be modelled as a porous disc, also known as an actuator disc. The

pressure difference across the disc gives a force acting downstream. As the rotor

is stationary, this force is of the same magnitude and opposite direction to the

drag, or thrust, of the rotor,

T = A(pw − p∞) (2.9)

The thrust is non dimensionalised using the following equation, giving a thrust

coefficient (Hansen, 2008),
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CT =
T

1
2
ρV 2
∞A

(2.10)

The reduction in fluid velocity caused by the removal of energy is given by the

axial induction factor (Myers, 2005) where VR is the flow velocity at the rotor,

VR = (1− a)V∞ (2.11)

Downstream the velocity is given as

Vw = (1− 2a)V∞ (2.12)

Immediately behind the rotor, the velocity of the flow is given in Bahaj, Batten

and McCann (2007) as

CT = 1− (
Vw
V∞

)2 = 4a(1− a) (2.13)

Thus the thrust coefficient can be found from the freestream and wake veloc-

ities.

2.3.3 Near and Far Wakes

One difference between the actuator disc model and actuality is the latter results

in the creation of a vortex system behind the turbine. As the fluid interacts with

the rotor blades, vortices are formed from the trailing edge, the root and the tip

of each blade (Hansen, 2008). The tip vortices are formed at the edge of the wake

and form a boundary between the wake and the ambient flow; the root vortices

form the core of the wake, staying in the axis of the turbine. Together these

vortices form a helical structure rotating in the opposite direction from that of

the rotor. This structure is coherent and discernible, but it does not remain so;

its breakdown marks the splitting of two wake areas – the near and far wake
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(Vermeer, Soerensen and Crespo, 2003).

The near wake is the area immediately behind the rotor, which is determined

by the turbine geometry and determines the performance of the turbine; the far

wake is the area downstream of this (Sanderse, 2009). In the near wake there is a

discernible coherent structure within the wake, which begins to break down due

to shear flow and ambient turbulence from the outside. When the breakdown of

this coherence reaches the core of the wake, this signifies the beginning of the far

wake. By this distance the wake has ceased expanding. A schematic of the wake

is shown in Figure 2.1.

Figure 2.1: Wake of a tidal turbine

The actual distance at which this occurs is variable, and in wind turbine

literature Schepers (2003) in Sanderse (2009) gives the expansion region length

to be about 2.25 diameters (D), whilst a common approximation given for the

end of the near wake is 2 – 5 D (Vermeer, Soerensen and Crespo, 2003).

According to Bahaj et al. (2007) the velocity within the wake is primarily

(but not exclusively) dependent on the following parameters:

• Free stream velocity

• Turbine coefficient of thrust

• Ambient turbulence

• Depth of flow

• Rotor hub height
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• Scale factor

The same paper notes that the most significant factor in the recovery of the

far wake is the ambient turbulence.

Previously Ainslie (1988) demonstrated that an increased coefficient of thrust

resulted in an increased velocity deficit within the wake. Additionally an increased

ambient turbulence resulted in a decrease in the immediate velocity deficit.

2.3.4 Arrays

Myers and Bahaj (2005) mentions that the best tidal energy resources are concen-

trated around headlands or in straits, and arrays will be required to best harness

the energy available. Tidal arrays will differ from wind arrays in spacing and

layout, due to these resource constraints, but there is little technical experience

of deployment. Wind turbine arrays are better understood. A modern wind farm

sustains losses of 10 – 20 % due to wake interaction (Barthelmie et al. (2007) in

Rethore, 2009), because of increased fatigue loading and decreased kinetic energy.

Furthermore, any channel in which a blockage is placed will experience some kind

of blockage effect, and this may be significant to any array deployed.

In Frandsen and Thøgersen (1999) the turbulence experienced at each turbine

is suggested as

I2 = I2∞ + I2added (2.14)

where I∞ is the ambient turbulence, and Iadded is the turbulence added by the

upstream turbine. I is given by

I =

√
I2∞ +

1.2CT
s2

(2.15)

where CT is the coefficient of thrust, and s is the turbine separation in rotor

diameters.
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Myers et al. (2010) states that some of the most important factors to be con-

sidered in array deployment are the local current dynamics (including bathymetry

and bottom roughness), individual device energy capture, installation access and

station keeping. Arrays may be improved by offsetting the downstream devices

so that they are not directly behind (i.e. share a centreline with) the upstream

devices. This allows any downstream device to avoid some of the impact of the

upstream device wake, thus increasing power capture.

2.3.5 Velocity Deficit

Velocity deficity is used (e.g. in Myers and Bahaj (2009a)) as a measure of the

behaviour of a wake, and is defined as in Equation 2.16.

Deficit = 1− Vw
V∞

(2.16)

2.4 Scaling

From the continuity and Navier-Stokes equations come three dimensionless num-

bers which are of use in hydraulic scaling: the Euler number, the Reynolds number

and the Froude number (Sabersky, 1999). The Euler number is related to pres-

sure and is only relevant when the absolute pressure, as opposed to the relative

pressure, is of importance. As this is not the case for most incompressible flows

(assuming cavitation is not present), the Euler number will not be considered

here.

2.4.1 Reynolds Number

The most desirable method of scaling is Reynolds scaling. The Reynolds number

is the ratio of inertial to viscous forces,
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Re =
ρV Dh

µ
(2.17)

Similarity in Reynolds number guarantees similarity in certain flow charac-

teristics. For example, the onset of turbulence is solely dependent on Reynolds

number, regardless of fluid or scale. To achieve Reynolds scaling when the scale

is reduced, the density or velocity must be increased, or the viscosity reduced,

in order to maintain similitude. This makes Reynolds scaling inappropriate for

almost all conceivable scaled tidal turbine testing. Changing the density or vis-

cosity would require a pressurised flume or a change in fluid, an impractical task

for most test equipment. Increasing the velocity would require the rotor to oper-

ate at a very high rotational speed, resulting in significant blockage, blade stall

and cavitation. Thus Reynolds matched scaling is rarely used for laboratory scale

tidal testing. A concession is made to this parameter by ensuring that the flow

falls within the same Reynolds number regime. When the critical Reynolds num-

ber is exceeded the flow will be turbulent in character. Both the scaled model

and the prototype device should operate in a regime where this value is exceeded.

However, this value is usually sufficiently low so as to pose no constraint on either

laboratory or prototype testing, with both scales comfortably above the critical

Reynolds number.

2.4.2 Froude Number

A further scaling parameter used in fluid dynamics is the Froude number, the

ratio of inertial to gravitational forces of a submerged body,

Fr =
V√
gl

(2.18)

The Froude number is analogous to the Mach number in that flows can be

sub or supercritical (Fr < 1 or Fr > 1). A subcritical flow is one in which the
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wave velocity exceeds that of the flow velocity, and a supercritical flow is one in

which the wave velocity does not exceed that of the flow velocity. The Froude

number greatly influences the drag on objects at the free surface, and determines

whether there is a hydraulic jump at any point. The shape of any free surface

waves will be directly affected by the gravitational force, thus the Froude number

plays an important role in their shape (Shames, 1962). Given that tidal flow

involves a free surface, the Froude number is clearly relevant. However, if there

is no surface piercing part of the device being tested, then there will be no ‘bow’

waves. Furthermore, if the flow is subcritical there will be no hydraulic jump, as

hydraulic jumps can only occur in supercritical flow. In Bahaj and Myers (2013)

it is noted that submerged objects are independent of Froude number when the

channel Froude number is less than 0.25.

2.4.3 Strouhal Number

A further non dimensional number is the Strouhal number. This is used to

describe the vortex shedding frequency of an obstruction in the flow,

St =
fl

V∞
(2.19)

where f is the frequency of vortex shedding, D the characteristic length (the

diameter in the case of a cylinder) and V the freestream fluid velocity (White,

1994).

2.4.4 Coefficient of Thrust

The coefficient of thrust is the non dimensionalised amount of energy removed

from the rotor area and can be calculated using Equation 2.10. Similar thrust

coefficients at different scales would be expected to produce comparable wakes.

23



2.4.5 Tip Speed Ratio

The tip speed ratio is the ratio of the blade tip velocity to the free stream velocity,

λ =
ωr

V∞
(2.20)

and is often used (e.g. Myers (2005)) in scaling rotating devices at a λ ratio of

1 : 1 (i.e. by keeping the tip speed ratio the same in model and prototype). For

any given blade geometry and blade number, the coefficient of performance is re-

lated to the tip speed ratio. The desired tip speed ratio is practical to implement,

for any given flow speed the corresponding rotational speed can be determined

and prescribed. The coefficient of thrust is a function of the tip speed ratio and

the Reynolds number. As the far wake is a function of the coefficient of thrust,

scaling by tip speed ratio and by Reynolds number is appropriate. Furthermore,

for high Reynolds number flows the influence of the Reynolds number is low, as

the Reynolds number inversely measures the effect of viscosity (Henderson, 1966).

For regimes with a Reynolds number in the order of 10e6, the coefficient of thrust

can become independent of the Reynolds number, being solely a function of the

tip speed ratio (Mason-Jones et al., 2012). By scaling using this parameter, some

similarity with full scale modelling can be maintained at small cost of time or

effort.

2.4.6 Acceptable Minimum Scaling

According to Myers and Bahaj (2009b) there is a minimum scale in which to work

in order to keep acceptable levels of thrust and power. Any scaled model must

be of sufficient size as to not be unduly influenced by surface tension, blockage,

cavitation or fluid density.
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2.4.7 Array Spacing

When considering array spacing it should be remembered that the decision is not

purely one of wake recovery. For instance, local geography may mean that the

ideal array in laboratory testing may perform differently on location. Limited

space may exclude certain configurations. The positive use of blockage accelera-

tion would be considerably harder to achieve in a bathymetrically varied environ-

ment. Furthermore, the device spacing must not be prohibitive for maintenance

and installation access. Myers and Bahaj (2009b) gives a minimum of 240 metres

as the distance required for vessel manoeuvring, which would correspond to 12

diameters for a 20 metre turbine.
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Chapter 3

Literature Review

This chapter reviews literature relevant to the area of study, highlighting pertinent

papers.

3.1 Resource Availability

Approximately 50 % of the Europe’s tidal resource is dissipated around the British

isles (BEIS, 2013). The main areas of resource concentration are as follows:

• Inter Island Channels

• Open Sea

• Headlands

• Sea Lochs

• Estuaries

The Significant Impact Factor (SIF) is a value ascribed to a location deter-

mining the amount of energy which can be exploited before there is a significant

environmental or other impact. Some groups of sites are mutually exclusive,

in that the same kinetic energy runs through different geographical points, and
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should not be counted twice. Polagye (2009) also notes that the energy capture

within one strand of a multi branch estuary could be less than expected as the

marine current turbines change the flow characteristics of the estuary.

Of the total energy present in the waters around the British isles, only a frac-

tion can be expected to captured. An estimate by the Crow Estate (Crown Estate,

2012) estimates there is 95 TWhrs/year available to tidal stream devices (not in-

cluding energy available for tidal barrage or lagoon schemes). This equates to

power generation of 32GW. Main areas of resource are situated in the Pentland

Firth, and locations on the West coast of Great Britain. Some areas of shallower

water may prove less suitable for energy extraction when examined in detail, as

exampled in O’Doherty et al. (2010). Most of the resource assessments under-

taken have used navigational data, which is not the high resolution data required

prior to deployment (Blunden and Bahaj, 2007). Thus there is a large amount of

uncertainty, and the figures used come with a high level of uncertainty.

3.2 Wind Energy – Experimental

A near comprehensive review of wind turbine wake experiments between 1978

and 2003 can be found in Vermeer, Soerensen and Crespo (2003), which includes

many of the papers mentioned in this section. Experimental work tends to be

subdivided into laboratory testing and full scale testing.

3.2.1 Laboratory Testing

In Whale et al. (2000) particle image velocimetry (PIV) was used to examine the

wake of a scale model wind turbine operating between tip speed ratio (λ) = 3–8 in

a water channel. Wake expansion did not occur between λ = 3–4, but beyond this

it took place immediately behind the rotor. At λ = 8 the device was operating

in the turbulent wake state, meaning a high blockage. As was expected, the tip
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vortex spiral strength increased with λ.

In Kawahashi (2007) an array of 25 small wind turbines were tested in water,

at low ambient turbulence, up to 31 diameters (D) downstream. Immediately

behind a single device the velocity dropped to below zero, but was recovered to

90 % of the initial velocity by 20 D downstream. By about 10 D the flow within

the wake was almost uniform and the turbulence had disappeared. When the

array was tested areas of accelerated flow were found between the devices, but

the flow had become uniform in velocity by 12 D downstream. It was suggested

that the wake profile could be broken into three lateral sections: the inner region

(wake), with an approximate velocity deficit of 0.6, the outer region (freestream)

with a maximum deficit of 1.05, and an intermediate region between these where

the deficit increased with radial distance from the core.

According to Massouh and Dobrev (2007) tip vortices are the most important

feature of the near wake. Here PIV and hot wire anemometry were used to map

the near wake vortex structure of a wind turbine operating at λ = 3.

The NREL study (Hand et al., 2001) tested a large scale wind turbine at high

Reynolds numbers in the NASA Ames test facility. Although most of the data

gathered related to turbine performance, some small attention was also give to the

near wake behaviour. The data is further examined in Schreck (2008). A similar

project was undertaken in the Deutsch-Niederlandische Windanlage (Schepers

and Snel, 2007). Detailed PIV measurements were taken from 1 D upstream to

1.25 D downstream of the device. Although both these projects are limited in

their treatment of turbine wakes, they are important in that they are the only

large scale tests conducted in laboratory conditions.

In Ebert and Wood (1997), Ebert and Wood (1999) and Ebert and Wood

(2001) PIV was used to build an elaborate picture of the near wake of a two

bladed turbine, and provided phase locked graphs of the flow velocity in the rotor

area behind the blades.
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It has been shown that after several rows of turbines the turbulence reaches an

equilibrium, and there is a shift in the energy spectrum towards higher frequencies

(Vermeulen PEJ (1982) in Vermeer, Soerensen and Crespo, 2003).

3.2.2 Full Scale Testing

In Magnusson (1999) a wind farm of four 180kW turbines was instrumented using

two meteorological masts. These masts experienced time in and out of the turbine

wakes depending on the prevailing wind direction. The coefficient of thrust was

used instead of the flow velocity, as higher flow velocities exceeded the rated

speed of the turbines, and stall regulation would stop the rotor from turning

faster (thus limiting the energy extracted from the flow). Travel time was used

instead of downstream distance. In the near wake, two peaks of velocity deficit

were seen behind the mid-points of the blades. With increasing travel time these

peaks merged into one peak in the centreline, at the end of the near wake. Travel

time to the near wake end was inversely proportional to the rotational frequency

of the turbine and ambient turbulence intensity, and proportional to the wake

radius and hub height. For far wakes, the centreline velocity deficit decreased

with the logarithm of time travelled, and was dependant on the travel time to

the near-far wake transition and the coefficient of thrust. Two wakes combined

had a lower velocity deficit than one on its own, as the travel time to the near-

far wake transition of the second device was inversely related to the ambient

turbulence intensity. This will have increased compared to the ‘true ambient’

turbulence due to the addition of turbulence by the upstream device.

In Barthelmie et al. (2003) wake measurements were taken at an offshore wind

farm using sonic detection and ranging (SODAR). Measurements were taken in

the wake of a turbine, then further measurements taken in the same position,

having turned off the turbine. The wake deficit was clearly detectable, and its

decay followed a relationship set out in Equation 3.1 (Magnusson and Smedman,
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1996), when the correct roughness parameter was used

∆V

V∞
= 0.4 ln(

t0
t

) + CT (3.1)

where t0 was the timescale and t the travel time.

3.3 Wind Energy – Computational

In Sanderse (2009) some advantages are given for computational modelling over

physical testing. In computational modelling devices can be tested at full scale,

and the atmospheric conditions can be dictated easily. Array layouts can be

changed and tested repeatedly, something almost impossible for most experi-

mental regimes. However, the lack of accuracy when modelling turbulence is a

disadvantage, and developing a mesh which can cater for the rotating blades in

sufficient resolution is difficult.

A number of different options are available to those modelling turbine wakes.

Direct numerical simulations (DNS) such as large eddy simulation (LES) and de-

tached eddy simulation (DES) are accurate but come at great computing expense.

Blade Element/Momentum (BEM) methods are simple and Vermeer, Soerensen

and Crespo (2003) highlights them as the only approach used for the prediction

of wind turbine performance and loading, due to accuracy and ease of use. How-

ever, they require empirical data and need corrections to deal with yawed flow or

stall. In between these methods are Reynolds Averaged Navier Stokes methods,

probably the most common tool employed for wake measurements. A plethora of

models are used, making different assumptions appropriate for varying scenarios.

In Rethore (2009) designing a steady state wind farm wake model using com-

putational fluid dynamics (CFD) is discussed. The author suggests Crespo, Her-

nandez and Frandsen (1999), Vermeer, Soerensen and Crespo (2003), Troldborg

(2008) and Sanderse (2009) as a comprehensive summary of wind turbine wake
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modelling. It is also suggested that the k-epsilon turbulence method over pre-

dicts the near wake recovery compared to LES, both in the axial direction and

the tangential direction.

In each of the four previously mentioned papers the work done in modelling

wind turbine wakes is catalogued, with the latter two reviews showing a bent

towards CFD.

In Baidya Roy, Pacala and Walko (2004) a very large scale array was approx-

imated to investigate its impact on atmospheric dynamics. Although this study

was preliminary and the array size larger than that of any current wind turbine

arrays, it began an interesting line of thought of which the corollary will no doubt

be developed in the tidal sector.

Myers et al. (2010) suggests that numerical simulations under predict the

power loss within an array of wind turbines due to wake effects.

3.4 Tidal Energy – Experimental

3.4.1 Actuator Discs

In Bahaj and Myers (2013) a 1/15th scale model is tested to characterise the

wake of a rotating device, and justify the use of actuator discs for array testing.

Some differences between the two methods are noted. Because the swirl facilitates

mixing, actuator discs have a greater velocity deficit in the near wake for the same

value of thrust coefficient (CT ). The transition point from near to far wake is

noted as between 5 and 6 D downstream, although it is anticipated that this will

decrease in sea conditions, due to the higher ambient turbulence.

In Bahaj et al. (2007) some results of an actuator disc experiment are given.

A 100 mm diameter disc was suspended in the water on a load cell, and wake

measurements taken using an acoustic doppler velocimeter (ADV). The ambient

turbulence was approximately 6 %. At 2.5 D downstream the velocity deficit was
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> 0.6, and by 15 D downstream the deficit had reduced to 0.1. The centreline of

the wake was noted to be below the centreline of the disc. When the free stream

velocity was changed, the velocity deficit remained approximately constant.

Myers and Bahaj (2009a) investigates the effects of CT , rotor depth and seabed

roughness, on the wake of an actuator disc. In the far wake there was an insignif-

icant difference between wakes of rotors with different CT values. If the rotor

was positioned low down in the channel it lacked flow under it to re–energise the

wake further downstream, so the wake recovery was less. Similarly, if the seabed

roughness was increased the fluid on the seabed was slowed down, and the same

effect of a lack of re–energising flow under the wake was observed. This is an

example of an increase in ambient turbulence not leading to an increased wake

recovery. The authors suggest that a deficit of 0.1 or less would be an acceptable

flow in which to position a downstream device in an array.

Daly, Myers and Bahaj (2010) investigates the flow effects of a tidal fence,

and it is found that if the actuator disc was positioned close to the flume wall

then the downstream deficit was decreased. It is suggested that this may be due

to flow acceleration around the device increasing the shear between the wake and

free stream velocities, thus dispersing the wake more quickly.

Sun (2008) details the testing of an actuator disc in a tow tank and an open

channel, however, velocity measurements are limited to 6 D downstream of the

disc.

3.4.2 Rotors

In Myers and Bahaj (2006) a 400 mm diameter rotor was tested. As this device

operated at a high Froude number there were significant impacts on the depth

of the flow downstream of the rotor. Immediately behind the rotor the depth

decreased, whilst further downstream and upstream of the rotor there were small

depth increases.
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In Myers and Bahaj (2009b) the near wake of a tidal turbine was examined

using an ADV. It is mentioned that previous work gave a recovery of 85 - 92 %

by 15 - 20 D downstream. It is also mentioned that the swirl associated with

the turbine blades was dissipated within 4 - 5 D, and was solely a feature of

the near wake, although this has only been shown for wind turbines. A 0.8 m

diameter, three blade turbine was used. The downstream flow was separately

normalised against the free stream flow and the wake of the structure, with the

latter giving a slightly reduced velocity deficit up to 6 D downstream where the

effect of the structure ends and the wake deficit measurements converge. This

method assumes the superimposition of the structural wake on the rotor wake.

Unusually, the wake centreline rose in height by 0.1 D - other experimental work

has recorded the maximum deficit below the rotor axis. However, this was likely

due to structural interference.

Maganga et al. (2010a) describes further tidal turbine tests, examining a 700

mm diameter turbine performance and wake characteristics during different flow

regimes. Both laser doppler velocimetry (LDV) and PIV were used to take wake

measurements. Turbulence intensities of 8 % and 25 % were implemented, a hor-

izontal velocity gradient was added and the distance from the hub to the free

surface was varied. For different ambient turbulence levels, the turbine perfor-

mance remains constant at low and medium tip speed ratios, though a higher

turbulence intensity increased load on the turbine. For very high turbulence in-

tensity the deficit is recovered to < 0.1 by 5 D downstream, but not until beyond

10 D for the low turbulence intensity. This high ambient turbulence intensity

resulted in a faster wake recovery, and a narrower wake. Further results of the

same experimental work regarding performance can be found in Maganga et al.

(2009) and Maganga et al. (2010b).

Wake PIV examination of a small scale tidal device is outlined in Good et al.

(2011), and the preliminary findings from the wake experiments of a device towed
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through Montgomery Lough are given in Rose et al. (2011). Both of these testing

regimes are primarily focused on the near wake.

The influence of wake interaction within an array is discussed in Stallard et al.

(2011), where physical tests were undertaken involving multiple devices. Velocity

measurements were taken between 2 – 20 D downstream of a device running

at CT = 0.82, and significant deficit (0.12) was noted 20 D downstream. The

individual wakes of three and five parallel devices were found to have merged by

8 D downstream.

In Stallard et al. (2013) experimental work investigates the effects of the free

surface and boundary layer on turbine wakes. A 27 cm diameter rotor is tested in

a flume 45 cm deep, with a flow velocity of 47 cm/s. Turbulence intensity varies

within the flume from 10 % to 8 %, and velocity by 3 cm/s . Deficits were found

to be 20 % and 10 % at 10 D and 20 D downstream respectively. The same paper

gives experimental results for interaction between wakes of up to five turbines.

The lateral spacing of turbines is shown to impact the wake behaviour when the

spacing is 2 D or less.

Chen et al. (2017) examines the wake of a 3 blade, 30 cm diameter turbine.

By 20 D downstream the velocity deficit had returned to within 5 % freestream,

but the turbulence was 3 % higher than ambient turbulence. Rotation was noted

in the flow to 4 D downstream.

3.5 Tidal Energy – Computational

The majority of predictions made about tidal turbine wakes are based on compu-

tational, rather than experimental, results. This is due to the relative cheapness

of computational work compared to experimental, and the relative scarcity of

available physical testing facilities.
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3.5.1 Actuator Discs

In Myers (2005) a wind turbine blade element momentum (BEM) tool was used

to create simple two dimensional and three dimensional models. This work was

directed at rotor and turbine performance, but the data was used to inform an

array simulation (Myers and Bahaj, 2005). In Harrison et al. (2009) the use of

actuator discs is justified, and their application using a commercial CFD package

is discussed. The CFD model gave acceptable agreement with experimental test-

ing done on an actuator disc. As an example, for a coefficient of thrust of 0.8, the

wake recovered to 90 % free stream by 20 D downstream. Blunden et al. (2009)

simulates an array using a distributed roughness model and a CFD model.

Bai, Spence and Dudziak (2009) uses CFD to assess the impact of actuator

discs on one another depending on their placement. The authors observed an

increased performance in certain devices in the wake of others, due to flow ac-

celerated through blockage (as predicted by Fraenkel (2002)), but it should be

noted that blockage adds no energy, and momentum is conserved, so there was

an overall net decrease in velocity in the wake. A trade off between increased

performance due to blockage and wake recovery is suggested.

In Polagye (2009) it is noted that the shear effects from the channel bottom

make a non-negligible difference to the wake recovery. For a device close to the

bottom the wake recovered to 90 % of free stream by 20 D, but less than that for

a channel of large depth.

Roc, Conley and Greaves (2010) offers a correction for the momentum sink

turbulence method used in most CFD, as the latter over predicts the recovery

of the wake. In Sun, Chick and Bryden (2008) the authors have used CFD to

focus on the local effects of the energy extraction. The model was simulated in

two and three dimensions. Immediately behind the device there was a drop in

free surface height, and a corresponding increase in velocity above and below the

device, with the expected decrease in the wake velocity. The device extracted 10
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% of the available energy, and the wake velocity had returned to 80 % of free

stream by 8 D downstream.

3.5.2 Rotors

In McCombes (2014) and McCombes, Johnstone and Grant (2009) a panel method

is presented as a specific tool to model marine current turbine wakes. This code

is then used to model tidal turbine arrays (McCombes, Johnstone and Grant,

2010).

O’Doherty et al. (2009) uses a commercial CFD package to model a contra

rotating device, comparing it with a single rotor device. The increased thrust and

the zero torque of the contra rotating device are noted. The overall wake recovery

was similar for both devices (90 % after 15 D in shallow water and 90 % after

40 D in deep water) but the contra rotating device has a faster initial recovery.

In the same set of simulations Willis et al. (2010) notes that when the rotors are

placed close together in the contra rotating device, significant gains are made in

the wake recovery (87 % wake recovery after 10 D downstream, compared to 52

% recovery for the conventional device at the same point). There is no mention

of the effects on swirl within the wake.

Liu (2010) develops a panel method from screw rotor simulation, though the

authors note a lack of experimental wake data to validate against.

Ebdon et al. (2016) compared two turbulence models with experimental test-

ing, and concluded that though DES and RANS give similar results for perfor-

mance, the DES model gives a closer match the the experimental work when

considering wake recovery.

Currie, Osbourne and Grouix (2016) uses CFD to model a 3 blade turbine

equipped with NREL S814 profile blades. The tip speed ratio is plotted against

C[T ], giving a peak thrust at λ = 4.5, and a sharp drop in thrust for λ < 3.25

(which corresponds to experimental results given in Clarke et al. (2007)). Wake
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velocities are plotted to 20 D downstream. It is noted that for the higher C[T ]

simulations (e.g. for λ = 4.5) the wake has not recovered by 20 D downstream.

3.5.3 Arrays

Myers et al. (2010) categorises arrays into first and second generation. A first

generation array is a single or double row of turbines, whilst a second generation

array is one which exceeds this. Assuming the first generation devices are offset

from each other, only in second generation arrays do wake dynamics come to the

fore.

Myers and Bahaj (2005) used wind energy modelling software to simulate a

single turbine device, then extrapolated from this to design a large array in the

Alderney Race. Devices were axially separated by 15 D based on previous work

(Myers, 2005), and this distance is viewed by the authors as conservative.

In O’Doherty et al. (2011) an assessment is made of a four turbine array in

various configurations, and a description is given of the effects of certain changes

to spacing and positioning of turbines. By rotating a line of turbines in alternating

directions the power coefficient is raised and the turbulence across the overall

width is decreased.

In Malki et al. (2011) modelling of arrays is undertaken in CFD, and devices

are spaced between 1 and 10 D apart. Complete recovery does not occur until

almost 40 D downstream.

The benefits of situating arrays in constricted channels is explored in Smeaton

et al. (2016). A constricted channel gives a higher power capture to number of

turbines ratio, and the optimum place to place an array may be in the most

constricted section of a channel due to blockage effects.
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3.6 Blockage

Blockage effects are noted when the flow behind the turbine travels at speeds

greater than free stream, having been accelerated around the rotor. Whilst ob-

vious, it is important to note that this effect does not add any new energy into

the flow, and the net energy downstream of the turbine must be lower than the

energy upstream. The blockage ratio of a channel is the ratio of rotor area to the

total cross sectional channel area, as defined in Equation 3.2,

Blockage Ratio =
ASwept

ASwept + AFree
· 100 (3.2)

Chen and Liou (2011) outlines the concept of the blockage factor, which is

used to determine the increase in a wind turbine’s coefficient of performance, CP ,

due to blockage in a wind tunnel. This is expanded in Mason-Jones et al. (2012)

to give blockage factors for CT and λ, where the blockage factor corrections are

CTcorrected = CT (
VT
V∞

)2 (3.3)

and

λcorrected = λ(
VT
VF

) (3.4)

where VT is the freestream velocity in the flume containing the blockage, and

V∞ is the freestream velocity in the empty flume.

In Whelan, Graham and Peiro (2009) a blockage correction for free surface

flumes testing tidal devices is proposed, to be applied to BEM simulations. This

correction is limited to low tip speed ratios, and has not been verified for low

blockage ratios. The blockage caused by a rotor is a function of the blockage

ratio and the power extracted from the flow. Chen and Liou (2011) suggests that

no correction for blockage is required if the blockage ratio of a rotor is around 10
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% or less.

Lartiga and Crawford (2010) gives a correction for blockage of actuator discs,

involving only the coefficient of performance and the axial induction factor.

It has been suggested (Fraenkel, 2002) that blockage may act positively to

increase the flow through a tidal turbine, but there has been little experimental

work done to ascertain the practicality of this.

Myers, Bahaj and Germain (2008) notes that without a large blockage ratio

and a high velocity there is unlikely to be any visible change in the surface ele-

vation of the fluid. Furthermore, wake characteristics will be different depending

on the proximity of the free surface and the channel bottom. If the flow depth

is less than four diameters then the rate of recovery is reduced due to the mass

flow beneath the rotor being inhibited by the bottom boundary layer. However,

the acceleration around the rotor caused by a constrained flow helps to break

down the near wake more quickly, thus facilitating faster wake recovery. Myers

et al. (2008) finds that wake recovery is slowed when the rotor is located close to

the bottom of the channel, but not effected when the rotor is in the middle or

towards the surface in the water column.
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Chapter 4

Experimental Methodology

This chapter outlines the design and setup of the two experimental testing regimes

which were employed. In the first, a basic turbine model was run in a laboratory

flume tank, whilst velocity measurements were taken in the wake. The equipment

used, some challenges encountered, and the data capture process are all described,

and the results are presented in Chapter 5. This device will be refered to as the

Pile Mounted device.

In the second experimental testing regime, a ‘wire hung’ device was run in

the same laboratory flume tank, with velocity measurements being taken in the

wake. In this chapter the device is introduced and different configurations are

discussed. Changes to the operating conditions of the flume and the data capture

process are described. This device will be refered to as the Wire Hung device,

and the results are presented in Chapter 6.

4.1 Pile Mounted Experiments

4.1.1 Pile Mounted Device

The first device to be used is shown in Figures 4.1 and 4.2. This is a generic device,

not based on any specific technology, although it bears resemblance to many

40



Figure 4.1: Pile mounted device in flume

Figure 4.2: Pile mounted device in flume
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Figure 4.3: Pile mounted schematic, showing the location of the rotor, nacelle,
pile and anchor weight

first generation tidal energy concepts in that it is a gravity anchored monopile

structure, suitable for deployment in shallow waters (e.g. as described in Fraenkel

(2002)). An aluminium strut held in place a Perspex housing, which contained

a geared 5 volt DC motor. Station keeping was fulfilled using a solid weight on

the base of the structure. A schematic highlighting the main parts of the device

is shown in Figure 4.3.

The blade used was an inverted model aircraft propeller of 25 cm diameter.

Using an inverted propeller in place of a turbine would considerably lower the

performance of the device, with the trailing and leading edges, and the pressure

and non-pressure sides swapped. However, the flow obstruction caused by the ro-

tor would still generate a rotational wake for measurement (further experimental

work using bespoke profiled rotor blades is discussed in Chapter 6). A device of
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25 cm diameter gave a blockage ratio of 13 %. Given the presence of a free surface

this was unlikely to cause significant blockage across the whole channel. Blade

clearance from the top of the channel was 4.5 cm and 10.5 cm at the bottom of

the channel, thus some localised blockage might be expected above the device,

between the rotor and the free surface. The device position in the flume is shown

in Figure 4.4.

Figure 4.4: Schematic of pile mounted device position in the flume channel

The rotor was not free spinning, nor was it power generating (as per e.g.

Doman et al. (2015)). The decision not to use a free spinning or power generating

model was taken in light of the small scale of operation – the torque generated

would be small, and would struggle to overcome the resistance of the shaft and

motor. The rotational speed of the rotor would also be subject to variability

from the turbulence in the flow, which would introduce further complexity in the

wake models. Instead the blades were driven by the DC motor housed within the

nacelle. This would provide the torque required to overcome the stiffness of the

motor and shaft, and give a smooth and consistent rotation of the blades.

4.1.2 Tip Speed Ratio

During the first pile mounted experimental run, the primary variation of config-

urations was obtained by changing the tip speed ratio (the ratio of the speed of
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Table 4.1: Exact tip speed ratio measurements

Measured λ Rounded λ
3.03 3
3.99 4
4.96 5

the blade tips to flow speed).

The tip speed ratio, λ, is a non dimensional number which has been used

for scaling when Reynolds number scaling is inappropriate (Doman et al., 2015).

λ is also related to CT , in that it has a direct bearing on the thrust (Myers,

2005). Because the wake is directly linked to the thrust of the device, CT is

often used. Although CT might be considered more instructive with regard to

wake generation and development, λ is substantially easier to measure. As the

blade used was an inverted propeller, the blade properties had not been defined

through physical or computational testing and an approximation was made as to

the likely peak of CT for a given λ. In lieu of data on the performance of the

rotors in their inverted configuration, tip speed ratio was chosen to align with

other, similar experiments. Currie, Osbourne and Grouix (2016) gives a peak

thrust corresponding to λ = 4.5, Stallard et al. (2013) uses λ = 4.7, Ebert and

Wood (1997) gives an optimum λ = 4. These experiments encompass a range of

blade types and flow speeds, therefore an initial value of λ = 4 was chosen for

the pile mounted experiments, with sensitivities of ±1.

The testing of round numbers of 3, 4 and 5 was subject to the ability of the

operator to achieve the correct rotational speed, and the exact values were not

achieved. The exact tip speed ratios tested are presented in Table , however

throughout this text they are rounded to the nearest whole number. This round-

ing has been undertaken for ease of reference, and as the primary value of the

testing lay in the qualitative relationship (i.e. higher or lower) between the three

λ configurations.

λ was varied by altering the rotational speed of the blades rather than the
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flume flow speed (rotational speed was altered by varying the voltage supply).

Any variation of the flume flow speed resulted in a change in water height within

the flume, and the turbulence intensity within the flume, making it difficult to

keep these variables steady.

A further set of tests examined the impact of the structure of the device

by examining the wake behind the nacelle, pile and anchor. This was done by

removing the blades from the device.

Although the test devices used in this work are not designed to model any

specific full scale device, certain comparisons can be drawn. For λ similarity to

be upheld a device of 18 m diameter in a fluid flow of 2 m/s would rotate at 8.5

rpm. This is comparable to Atlantis Resource’s AR1500 rotor diameter of 18 m

and rotational speed of 7–15 rpm (Atlantis-Resources, 2018a).

4.2 Wire Hung Experiments

4.2.1 Turbine Design

Although any full scale device was to be neutrally buoyant and tethered, it was

not possible to make the scale model so. At small scales the balance of buoyancy

in three dimensions was impractical and as the blades were free spinning a torque

balance between rotors was also impractical. Furthermore, a tethered device

would be constantly moving and adjusting itself to small variations in the flow. As

measurements were taken as averages at stationary positions over a period of time

any device movement would require a corresponding measurement movement, an

impractical demand. Instead, the device was made slightly buoyant and secured

with three wires and a strut so as to stop all movement apart from the rotation

of the blades, as shown in Figure 4.5. A streamlined strut was suspended in the

flume and attached to the nose of the device using a metal tie. At the rear of the

device one wire was secured to a gravity based anchor and a further two wires
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secured to the near and far upper flume walls respectively (only one of the upper

wires is shown in Figure 4.5 for clarity). By keeping these wires taut the device

could be held rigid.

Figure 4.5: Schematic showing the support arrangement for the wire hung device

The blades used were NREL S814 profiles, with twist. They were constructed

using a high resolution 3D printer, from Veroblue, an acrylic polyjet resin. Be-

cause this low strength material was used, the blades were prone to bending after

repeated use. The blades were also prone to fracture at the root when subjected

to high stresses. Due to the cheap manufacturing cost they were easily replace-

able and regularly changed. The total diameter of the rotor was 30 cm. As can

be seen in Figure 4.6 the device itself was made up of a shaft, a rotor hub and

blades, and a nose cone. The rotor was held in place with a small collar. A

spring brake can also be seen in Figure 4.6, but this was not employed, due to

a lack of sensitivity. Two separate rotor hubs were employed, one with three

blade mounting positions at 120◦ intervals, the other with four blade mounting

positions at 90◦ intervals. Only two of the mounting positions were used for the

latter hub. Acrylic blocks offset to the specified angles were mounted on the hub,

and the blades were then mounted on the acrylic blocks. The device could be set

up with either hub, or with both hubs mounted (both hubs mounted are shown
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in Figure 4.7).

Figure 4.6: The wire hung device in situ with three blades attached

Figure 4.7: The wire hung device in contra rotation configuration, with both hubs
attached

To test contra-rotating configurations both rotor hubs were mounted on the

shaft at once, separated by approximately 5 cm. Blades with different direction-

ality were attached for each rotor hub so as to achieve contra rotation.
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4.2.2 Blade Numbers

For the Wire Hung set of experiments the rotor was varied between a two blade,

a three blade and a two-three blade contra-rotating configuration. This variation

facilitated the wake comparison of the different configurations running in similar

scenarios. Two and three blades were chosen as the simplest choices, and are

reasonable possibilities for rotor configurations used in full scale devices (there is

some degree of constraint to keep the blade numbers low due to the large cost of

blade manufacture). In order to control the rotational speed of the blades and

thus change the tip speed ratio (λ), the blade pitch angles were variable. Variable

pitch is a well established speed control tool used frequently in wind turbines,

and has already been employed in first generation tidal energy devices. Pitch was

varied manually by the manufacture of a series of offset blade mounting blocks.

Each blade was attached to the device via a small acrylic block which held the

blade at an angle between 0−6 ◦. Whilst testing a single configuration (including

contra-rotating) all blades were mounted at the same angle.

There were twelve configurations tested:

• Two blades at 0, 2, 4 and 6 ◦ pitch

• Three blades at 0, 2, 4 and 6 ◦ pitch

• Two-three contra-rotating blades at 0, 2, 4 and 6 ◦ pitch

4.2.3 Tip Speed Ratio

Unlike the previous set of experiments, the rotational speed of the blades was not

directly controlled. Instead, it was indirectly controlled: mechanical resistance

to rotation came from the friction of the bearings (a similar setup, where blades

are freespinning, is given in Kawahashi (2007)). λ was varied by changing the

pitch setting angle of the blades and the number of blades. Again λ acted as a

proxy for CT , and gave an indication of whether it was increasing or decreasing
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Table 4.2: λ for different configurations

Configuration Pitch Angle λ
2 Blade 0◦ 5
2 Blade 2◦ 4.7
2 Blade 4◦ 2.3
2 Blade 6◦ 2.3

3 Blade 0◦ 4.7
3 Blade 2◦ 2.9
3 Blade 4◦ 2.3
3 Blade 6◦ 1.2

Contra 2 Blade 0◦ 4
Contra 2 Blade 2◦ 4.2
Contra 2 Blade 4◦ 1.5
Contra 2 Blade 6◦ 2.3
Contra 3 Blade 0◦ 4.1
Contra 3 Blade 2◦ 3.6
Contra 3 Blade 4◦ 3.4
Contra 3 Blade 6◦ 2.5

between configurations. λ was changed by varying the rotational speed of the

blades, whilst leaving the fluid flow speed unchanged. The tip speed ratios for

each configuration are given in Table 4.2.

4.3 Equipment Used

4.3.1 Flume Tank

Experimental work was based around the University of Strathclyde’s re-circulating

water flume (seen in Figure 4.8). The flume measured 35 m long, 0.92 m wide

and 0.7 m high, with Perspex walls, a steel bottom and an open top. The 35 m

length included a 2 m flow settling area immediately downstream of the inlet.

The flow was driven by a pump situated beneath the flume and passed through a

settler prior to entering the flume channel. The flow speed and depth were set by

adjusting the weir height at the outlet of the flume, and by adjusting the pump.

These two controls were interdependent: a change in either control resulted in
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a change in both flow speed and depth. For example, if the weir was raised the

cross sectional area of the flow would increase, and the flow velocity drop so as

to conserve momentum within the flume. However, as the inlet head would have

increased, the conservation of energy within the system would require a further

decrease in velocity in the flume. Similarly, any change in the pump’s behaviour

would result in a non linear change in both the flow speed and the flow height.

This made slight adjustments to the flow cumbersome.

As the same flume channel was used throughout the experimental work, wall

roughness remained constant throughout. The Perspex sides extended to the base

of the channel, and were smooth and free from obstruction, with the exception of

six bolts protruding 1-2.5 cm into the flow, at 4.3 m downstream of the nominal

turbine position, and a further six bolts at 4.9 m downstream. Panel section

joins occurred every 1.83 m, and were smooth on the walls, but caused a slight

increase in roughness on the channel floor. The base of the flume was coated,

giving it a smooth finish, but at certain points the coating was worn and the steel

was exposed to the flow, increasing the roughness over lengths of approximately

5 cm. This likely had some local effect on the flow within the turbulent boundary

layer, but a negligible effect anywhere more than a few centimeters from the base.

A numerical approximation of the roughness is given in Section 2.2.

4.3.2 Cloudy Water and Flotsam

Due to the age of the flume channel, dust was deposited in the flow from the

sump brickwork. Various attempts to clean this gave some success, however the

visibility in the flow remained poor. The dust particles acted as seeding for

the measurement equipment, ensuring an excellent signal strength at all times.

In addition to the dust particles, the detritus of previous experimental work was

sporadically found within the flume. Most often this had no effect beyond pricking

the authors curiosity, but occasional debris could interact with the turbine device.
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Figure 4.8: Flume without water, showing walls and base

Thus for all experiments the device was regularly cleaned, and for the wire hung

experiments a mesh filter was put in place (see Section 4.3.5 for further discussion

of the mesh filter).

4.3.3 Asymmetry

As the flow of the flume was altered by the introduction of the mesh filter, two

separate descriptions of the flow characteristics are contained in the discussions

of the pile mounted experimental results (in Chapter 5) and the wire hung ex-

perimental results (in Chapter 6). However, one aspect of the flow consistent

for both set-ups shall be mentioned here. Although the flume was geometrically

symmetrical, the flow was found to be asymmetrical across the channel, that is,

from the near wall to the far wall. At all depths measured and for all distances

downstream the axial velocity was greater on the far wall side than on the near

wall side. This was caused by the manner in which the flow was introduced into

the channel by the pump, and can be considered a feature of the channel. Al-

though this difference was primarily one of VX changing with distance in the Y

direction, VY and VZ were also asymmetrical. A quantitative description is given

in Section 5.1.
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4.3.4 Tank Vibration

Driving the fluid flow was a 3 phase, 2.5 horse power (1.9 kW) pump, running

at a constant speed of 2,900 revolutions per minute (giving a frequency of 48.3

Hz). Ideally the pump frequency would be compared to a Fast Fourier Transform

(FFT) of the velocity data from the unimpeded flume so as to ascertain any fluid

flow fluctuation due to vibration. However, the Nyquist frequency dictates that

the highest frequency of signal that can be detected is equal to half the sampling

frequency (Luke, 1999). As the pump frequency far exceeded that of the Nyquist

frequency of the measurement instrument (12.5 Hz), any vibrations induced by

the pump are undetectable.

4.3.5 Mesh Filter

After the pile mounted experiments had been completed, but prior to the com-

mencement of the wire hung experiments, fibrous contaminants were inadver-

tently added to the flume system. Due to the wire hung device’s sensitivity to

contamination within the fluid, which fouled the blades and slowed the rotation

of the device, a mesh filter was added upstream of the working section for exper-

iments using this device. This was made up of a coarse wire mesh filter overlaid

with a fine netted filter. The wire filter was mounted on a wooden frame, and

held rigid using bolts protruding from the channel wall, 5 m downstream of the

inlet. The netted filter was made up of 1 mm square holes and held in place by

the wire mesh filter, and was periodically removed and cleaned during the course

of testing. This greatly improved the quality of the fluid flow in the working

section. However, due to the pressure differential created by the mesh, a head

difference was established across the mesh.

Upstream, on the inlet side, the head was increased, whilst it remained con-

stant downstream. Despite the increase in model blade diameter, the depth of

fluid in the working section could not be increased without the fluid overtopping
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Figure 4.9: Comparison between unimpeded flume turbulence intensity before
and after the addition of a mesh filter

the channel walls upstream of the mesh. Therefore the flow height and flow speed

were maintained at 40 cm and approximately 40 cm/s. The addition of the mesh

also changed the flume characteristics by adding small scale turbulence to the

flow.

In Figure 4.9 a comparison is made between the turbulence in the unimpeded

flume before and after the addition of a mesh filter. Results compared here are

those shown individually in Figures 4.26 and 6.4, without and with the mesh

respectively. It appears that the turbulence intensity increases very slightly with

the addition of the mesh filter, but the increase is small, less than the fluctuation

between measurement points. It is possible that these small scale eddies could

facilitate mixing more efficiently than the larger scale turbulence and eddies of

the pile mounted experiment. However, the initial Pile Mounted experiments

were not rerun, and so further testing would be required to confirm this.
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4.3.6 Working Section - Pile Mounted Device

The flume used was open topped and so accessible at any distance downstream.

The maximum range used within the 35 m flume was 6.25 m (for the Pile Mounted

experiments), equivalent to 25 D. As both the inlet and the outlet would affect the

flow far upstream and downstream respectively, the working section was chosen

to be in the mid section of the flume. It was determined by positioning the device

16 m downstream of the inlet (and consequentially 19 m upstream of the flume

outlet). Thus the working section was from 16 – 22.25 m downstream of the inlet.

All measurements for the pile mounted experiments (found in Chapter 5) were

taken within this section. Any further references to the nominal turbine position

in Chapter 5 refers to this. Further characteristics of the flume are discussed in

Section 5.1.

4.3.7 Working Section - Wire Hung Device

The mesh generated significant turbulence in its immediate vicinity. Therefore,

the position of the working section had to be reassessed in order to ascertain at

what point the turbulence intensity level became steady in the X direction. With

this in mind a series of measurements were taken in the unimpeded centre of the

channel, from 12 m downstream of the inlet to 30.5 m downstream of the inlet,

and the results can be seen in Figure 4.10 and Figure 4.11.

Figure 4.10: Turbulence intensity downstream of the mesh
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Figure 4.11: VX downstream of the mesh

Figure 4.10 shows the turbulence clearly decreasing travelling downstream,

from a maximum of 14% to a minimum of 4%. There is a slight suggestion that

the turbulence may be rising at the end of the measurement point (presumably

due to the approaching outlet), but this is inconclusive. An alternative reading of

the graph may be that the turbulence has become steady by 21.5m downstream,

and the variations downstream of this are natural variations due to the flume

tank rather than the filter. Whichever reading is correct, it seems likely that the

turbulence will not drop any further beyond the minimum already reached. Close

to the filter there is a high level of ambient turbulence, which gradually decreases

with distance downstream. It is unclear whether this decrease is reversed or

merely halted further downstream. If a 2 % variation in ambient turbulence is

deemed acceptable, there is a significant portion of the flume which is usable

(21.5 – 30.5 m downstream of the inlet). This is the area in which further data

capture took place.

One important point to notice about Figure 4.11 is that the variation in VX

is small when compared with the variation in turbulence intensity. However,

within the smaller variation it seems that the velocity rises with distance down-

stream, immediately after the mesh. As with the turbulence intensity, it is unclear

whether the VX begins to drop towards the end of the test area, or is remaining

approximately stable.
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4.4 Instrumentation

4.4.1 Methods of Measuring Velocity

There are a variety of possible tools used for measuring velocity within a flume,

such as hot wire anemometers, laser doppler velocimetry (LDV), particle imaging

velocimetry (PIV), electromagnetic current meters and acoustic doppler velocime-

try (ADV). Of these, only ADV devices offer three dimensional measurements,

high sample rates, a small sample volume and easy deployment, whilst avoiding

zero-drift (Voulgaris and Trowbridge, 1999). A further advantage is that unlike

light signals, acoustic signals are not limited by murky or excessively turbid wa-

ter, as might be found in certain field testing locations or even certain flumes.

Unlike LDV, ADV is an intrusive measurement technique in that it has a physical

presence which disrupts the flow, but the intrusion is so small that it can safely

be considered negligible in most flows (Cea, Puertas and Pena, 2007).

4.4.2 Acoustic Doppler Velocimetry

The Acoustic Doppler Velocimeter (ADV) was designed in the early 1990s after

demands for a measurement device that would provide sub-centimetre resolution

at 25 Hz for less than $10,000 (Lohrmann, Cabrera and Kraus, 1994). Although

the exact settings can vary depending on the device model, the following descrip-

tion covers the general aspects of all ADV devices, whilst specifically describing

the model used within this research. The ADV is comprised three modules: the

measurement probe, the signal conditioning module and the signal processing

module. The probe head is submerged in the water, with three receiving ‘ears’

positioned so as to face a sample region 5 cm from the probe head. The majority

of the instrumentation is kept out of the flow in a waterproof cylinder, using

a long rigid stem so as to minimise flow disruption. The conditioning module

is attached by cable to the signal processing block, which in turn outputs to a
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computer.

The system works by sending a sound signal from the probe head to the sample

volume, where a small portion of the signal is reflected back to the receivers by

the particles in the flow. The Doppler shift observed in the returning signals can

be interpreted as being due to the velocity of the particles in the direction of

the returning signal, thus with three probe ears the three dimensional velocity of

the flow can be established. This quantity is an average of the velocity within

the sample area. As well as returning a velocity measurement, each probe ear

returns a value for the signal strength, the correlation (COR) and the signal to

noise ratio (SNR) (Chanson, 2008). The SNR is a measure of the quality of the

sound signal received by the probe, and the COR indicates how consistent the

velocity is during the sample period of each measurement, higher being more

consistent (Cea, Puertas and Pena, 2007). It should be noted however, that

measurements with low turbulence will have a higher COR than measurements

with high turbulence.

A Nortek ADV was used as the primary mechanism for data capture. The

ADV was mounted in the following way to allow three dimensional movement of

the probe between measurements. Rails were attached to the tops of the flume

walls, and a trolley was run along them (for X direction translation). The ADV

was held in position on this trolley using a clamp (for Y direction translation)

and a collar (for Z direction translation). The device was manually mounted, and

aligned with the flume direction. The mounting arrangement is shown in Figures

4.12 and 4.13. For the ADV to be able to operate, the probe head had to be

completely submerged. Furthermore, a blanking distance immediately beneath

the probe head was required and measurements could not be taken within it.

Therefore, no measurements could be taken within 10 cm of the flow surface.

The impact of this on measurement positioning can be seen in Figure 4.14.

To mitigate this, the turbine device could have been made smaller, which
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Figure 4.12: Elevation view of a section of the measurement arrangement

Figure 4.13: Plan view of a section of the measurement arrangement

would have allowed measurements to be taken at and above the top of the rotor

swept area. The rotational speed of a smaller device would need to be pro-

portionally higher in order to maintain similarity in tip speed ratio. Achieving

consistency with higher rotational speeds provides some increase in difficulty in

the control and measurement of the blade rotation, and can in some cases result

in cavitation. Making the experiment smaller would also increase the uncertainty

within results, as the equipment would be subject to larger relative errors and

limitations. The impact of the unrecorded section on the results is mentioned in

Section 5.3.4.
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The data was recorded using NDV Data Acquisition and Nortek CollectV

software, and was exported to WinADV (Version 2.027) for processing. Data was

processed using the commercially available software Matlab.

4.4.3 Sources of Error

An unwanted side effect of using Doppler measurement is Doppler noise, which

causes a problem by making the turbulent kinetic energy appear greater than

it actually is (Cea, Puertas and Pena, 2007). This noise can be approximated

as Gaussian white noise, and experimental testing reveals that it is significantly

greater in the horizontal plane than in the vertical direction. Therefore the hor-

izontal component spectra may deviate from the −5
3

power law (Equation 2.2),

whilst the vertical component remains a good fit (Nikora and Goring, 1998).

Another type of error in ADV measurements is caused by aliasing, which

takes effect if the set velocity limits are exceeded (Cea, Puertas and Pena, 2007).

This can be avoided by ensuring that the velocity range specified to the device is

appropriate and is unlikely to be exceeded.

Salinity and temperature are input in order to calculate the adjusted speed

of sound. If the temperature is known to within 1 degree the error is limited to

0.2 % (Lohrmann, Cabrera and Kraus, 1994).

4.4.4 Filtering

Erroneous measurements caused by Doppler error or by aliasing will appear as

uncorrelated spikes, and so are removable by a filter. Filtering data is a common

technique used far beyond the extent of ADV measurement. It does not attempt

to reconstruct a dataset, but to provide an ‘equivalent’ dataset with respect to

certain parameters (mean kinetic energy, turbulent kinetic energy, power spectra

etc.) (Cea, Puertas and Pena, 2007). Basic filtering occurs when data points

which fail to meet acceptable levels of SNR and COR are removed. A minimum
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SNR of 15 dB is given by Lohrmann, Cabrera and Kraus (1994) as the lower

threshold for measurements at 25 Hz, though Cea, Puertas and Pena (2007)

suggests that this limit is flexible, and hard to determine absolutely. Chanson

(2008) offers a minimum value of 60 % for COR, though Bahaj et al. (2007) gives

a higher threshold of 70 %. Both the SNR and the COR can be improved by

adding dye or seeded particles into the flow to improve the acoustic backscatter.

Once the samples which fail to meet the specified criteria are removed, a

second, ‘de-spiking’ stage of filtering is applied. A threshold is set with respect to

the mean velocity and standard deviation, and any point outside of this is either

removed or replaced. This process is iterative, as the properties of the data set

change after each removal; de-spiking is continued until all data points fit inside

the threshold (Cea, Puertas and Pena, 2007).

In Giles et al. (2011) it is suggested that filtering does not have a large im-

pact on mean flow velocities, as flow spikes are equally negative and positive.

Filtering is of more significance for turbulence, where the root mean square of

fluctuations is calculated. In these experiments filtering was applied by the pro-

cessing software by removing data which fell below a specified value of signal to

noise ratio or correlation. Phase space threshold de-spiking was also applied to

remove erroneous data points.

4.4.5 Sampling Frequency and Size

In order to get an accurate reading at each measurement point the sampling

frequency and sample size were considered. Because all points in the flow were

turbulent, any measurement would have to sample at a frequency high enough

to ensure that the mean result was not unduly influenced by individual fluctu-

ations. In Chanson (2008) a very large sample size is recommended to ensure

accuracy over the four statistical moments (above 5,000 for the first two mo-

ments, and above 60,000 – 90,000 for the second two). However the collection of
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large amounts of data increases the length and complexity of any experiment.

The mean kinetic energy in the turbulence is discussed in Section 2.1 and

Equation 2.5 gives a method of calculating the turbulent length scale.

For the unimpeded flume the turbulent time scale was calculated as 0.0983 s.

With a measurement frequency of 25 Hz, the time between samples was 0.04 s, less

than half that of the turbulence time scale. This suggested that whilst some small

scale turbulence would escape detection, larger turbulence would be captured. As

stated in Lohrmann, Cabrera and Kraus (1994), a 25 Hz resolution ‘is sufficient

to capture a significant fraction of the turbulent kinetic energy.’ The sample size

is further discussed in Section 4.7.1.

4.5 Data Capture Process

4.5.1 Grid Positions - Pile Mounted Device

Data was gathered for individual points within the flume, which would be built up

into a series of grids, which then formed a three dimensional flow. Measurement

positions were spaced so as to capture the relevant aspects of the wake as it

developed. For the pile mounted experiments (standard configuration), 15x6 grid

points were taken at 10 distances downstream, giving 900 measurement points.

Figure 4.14 shows the measurement grid for the standard case (λ = 4), taken

at a variety of distances downstream. All width (Y direction) distances referred

to indicate the distance from the near wall. As mentioned above, the ADV was

unable to take measurements within the 10 cm closest to the surface due to the

requirement for the probe to be submerged and the blanking distance. Thus the

top section of the rotor path was not recorded. Figure 4.15 shows the distances

downstream at which the measurement grid was taken.

For the further configurations the positions of measurement points were biased

towards the centreline of the rotor, as this was the relevant area of interest for
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Figure 4.14: Measurement Positions Grid for the Standard Case (λ = 4)

Figure 4.15: Measurement Positions Downstream for the Standard Case (λ = 4)
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Figure 4.16: Measurement Positions Grid for the Non Standard Cases (λ = 3, 5
and 0)

assessing the turbine wake. Furthermore, fewer measurement grids were taken

downstream. Whilst this reduction decreased the total number of data points,

it did not significantly decrease the number of data points from the key areas of

comparison (i.e. at hub height). The cross sectional measurement grid is shown

in Figure 4.16, and the downstream measurement points are shown in Figures

4.17, 4.18 and 4.19.

At each measurement position two readings were taken: one with the turbine

in place (device wake measurement), then one with the turbine removed but

with the flow regime held the same (‘unimpeded’ flume measurement). Thus for

the standard configuration of λ = 4, 900 measurements were taken behind the

turbine, and a further 900 measurments were taken in the flume with the device

absent. This data was used to characterise the flume without the device in it, and

to normalise the turbine wake data against. Only one set of ‘unimpeded flume’

measurements was taken between the λ = 3 and λ = 5 configurations, and they

were both normalised against the same measurement points.
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Figure 4.17: Measurement Positions Downstream for the Case λ = 3

Figure 4.18: Measurement Positions Downstream for the Case λ = 5
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Figure 4.19: Measurement Positions Downstream for the Case λ = 0 (Structure
Only)

4.5.2 Grid Positions - Wire Hung Device

As with the Pile Mounted experimental setup, a measurement grid was applied

for the Wire Hung setup and repeated at different distances downstream. How-

ever, unlike previously, the grid did not vary in height. Instead it was a single

horizontal line of points neglecting the lower and upper parts of the channel in

favour of the hub height. This allowed profiles to be taken at multiple distances

downstream within a single measurement session, reducing the effect of any flume

inconsistency. For each configuration the points measured at hub height were as

shown in Figures 4.20 and 4.21, the former showing the cross sectional grid, the

latter showing the downstream distances at which that grid was applied.

Thus for each blade configuration 105 measurements were taken (not including

unimpeded flume measurements), and there were 12 unique configurations. As

with the previous experimental setup, in each test session measurements were

also taken for the unimpeded flume to provide data for normalisation.

65



Figure 4.20: Cross sectional measurement grid for wire hung device (all measure-
ments at hub height)

4.6 Typical Test Runs

4.6.1 Pile Mounted Device

The steps involved in a typical test run are numerated below for the pile mounted

device.

1. Set flume velocity and level using sluice gate and pump speed. Flow height

was measured against markings on the flume channel wall, and flow speed

was measured using the ADV probe.

2. Position the turbine device (as described in Section 4.1.1) in the flume; the

position was marked on the flume floor to ensure consistent location across

measurement sessions.

3. Set the rotational speed of the turbine blades by varying the power supplied

to the turbine motor.
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Figure 4.21: Meaurement positions downstream for wire hung device

4. Measure the rotational speed of blades, by counting blade rotations over a

15 second period. For faster blade rotational speeds this was done by taking

video footage of the turbine, and reviewing it in slow motion. Rotational

speed was always measured a minimum of three times.

5. Position the probe in the location of the first measurement point. The lat-

eral, downstream and rotational locations of the probe were marked on the

flume and device, and the measurement software gave distance to channel

base.

6. Record velocity measurements at 25Hz over 33s at the measurement point.

7. Repeat steps 5 and 6 for each subsequent measurement point in the mea-

surement grid (e.g. for all points in Figure 4.14).

8. Remove the turbine device and repeat measurements in identical positions

to the previous measurement run.

9. Drain flume.
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The order of measurements was varied, with either the device wake being mea-

sured first, then the same locations with the device removed measured second

(as described above), or the flume without device measured first, then the de-

vice wake. This ensured that any decay in velocity of the flume throughout the

course of a measurement session would not result in a systematic error through-

out all results. (It should be noted that no decay in velocity of the flume during

measurement sessions was noted throughout testing). For pile mounted experi-

ments a single measurement grid (such as shown in Figure 4.14 or Figure 4.16)

was taken within a measurement session; thus a single configuration required

multiple measurement sessions.

4.6.2 Wire Hung Device

The steps involved in a typical test run are numerated below for the wire hung

device.

1. Set blade pitch angle for device by mounting blades on defined acrylic

blocks.

2. Set the flume velocity and level using sluice gate and pump speed. Check

the flow speed in flume centre using the probe.

3. Position the turbine device (as described in Section 4.2.1) in flume; the

position was marked on the flume to ensure consistent location across mea-

surement sessions).

4. Measure the rotational speed of blades by counting blade rotations over a

15 second period. For faster blade rotational speeds this was done by taking

video footage of the turbine, and reviewing it in slow motion. Rotational

speed was always measured a minimum of three times.
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5. Position the probe in the location of the first measurement point. The lat-

eral, downstream and rotational locations of the probe were marked on the

flume and device, and the measurement software gave distance to channel

base.

6. Record velocity measurements at 25 Hz over 33 s at the measurement point.

7. Repeat steps 5 and 6 for each subsequent measurement point in the mea-

surement grid (e.g. for all points in Figure 4.20).

8. Remove the turbine device and repeat measurements in identical positions

to the previous measurement run.

9. Drain flume.

For wire hung experiments all measurements required for any one configura-

tion were taken within a single measurement session.

4.7 Errors and Uncertainties

Any experimental work will be subject to errors and uncertainties. Three basic

types have been identified and are discussed in turn below.

4.7.1 Velocity Fluctuations Due to Turbulence

A brief description of turbulence has been given in Section 2.1, where it is said

that turbulence can be thought of as random velocity fluctuations about a mean.

The true mean is the actual mean of the flow velocity, as would be found with

an infinite sample size. The measured mean is that which is found with a finite

sample size. If the sample size is small, the measured mean may deviate from the

true mean due to the influence of the turbulent fluctuations in the flow. As the

sample size increases the measured mean will tend towards the true mean.
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Figure 4.22: Standard deviation of means for different sampling lengths

A large data series was taken over 30 minutes at a frequency of 25 Hz, and the

sample mean was assumed to be representative of the true mean. The data set

was then broken into a series of 10 second samples, and the VX mean calculated

for each one (giving 185 different measured means). The standard deviation, σ,

over these means was then calculated. This was repeated for sample sizes between

2 seconds and 120 seconds long, and the results are plotted in Figure 4.22. An

uncertainty value of ±2σ was chosen as the value which would encompas 95 % of

all values (Schenck, 1968).

The uncertainty decreases as the sampling length increases, in an inverse

power relationship. To half the uncertainty the sample size must be increased by

a factor of four. A small sample size would be preferable so as to take less time

for the collection of multiple data points. However, the sample size dictates the

uncertainty, with a smaller sample size resulting in increased uncertainty.

A sample size duration of 33 s was chosen as one which would allow for ap-

proximately 200 measurements per day (including set up and instrumentation).

This sample size resulted in an uncertainty of ±0.7cm/s, i.e. 95 % of all measure-

ments would be within ±0.7cm/s of the measured mean, or ±2% of the velocity

in the centre of the flume.

When calculating velocity deficit there is an error in both the wake and

freestream measurements. These errors can be combined through quadrature:

the square of the error is equal to the sum of the squares of the errors of the
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Table 4.3: Expected error in the centre of the flume from a sample size of 33s at
25Hz

Variable 2σ
VX 0.7 cm/s
VY 0.46 cm/s
VZ 0.37 cm/s
I 1.1 %

constituent parts (Schenck, 1968), as stated in Equation 4.1.

µ2 = µ2
wake + µ2

∞ (4.1)

This gives the error as a percentage of VX
V∞

. Errors in deficit due to turbulence

are therefore calculated individually for each point.

From a 33 s sample size the errors for I, VY and VZ are also calculated, using

the same method, and are presented in Table 4.3.

Sampling errors are proportionally larger for VY and VZ than they are for VX .

4.7.2 Instrumentation and Experimental Setup

There are various possible sources of error from instrumentation and experimental

setup which are discussed below.

4.7.2.1 ADV Signal Error

Signal error in the ADV measurements can be caused by Doppler noise or aliasing,

as described in Sections 4.4.3 and 4.4.4. However, the signal to noise ratio (SNR)

and correlation (COR) values were excellent throughout. Over 10,000 data points

selected at random the SNR exceeded 25 dB at every single measurement (a lower

threshold of 15 dB is recommended in Lohrmann, Cabrera and Kraus (1994)).

For the same data points the COR exceeded 95 in 99.8 % of data points (lower

thresholds of 60 and 70 are used in Chanson (2008) and Bahaj, Batten and

McCann (2007) respectively). Signal errors are therefore dismissed as negligible.
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4.7.2.2 Temperature

During testing the outside temperature ranged from around -10 to 20 degrees

Celsius. Laboratory temperatures were not taken, however the variance would be

considerably less than this. Water temperature variation would be lower still,

as water was held in a sump below ground. A conservative estimate of the

water temperature range of ±5◦C results in a measurement error of ±1% (as

discussed in Section 4.4.3). However, temperature of the water was not expected

to vary meaningfully within a measurement session, and therefore this error is only

applicable between measurement sessions, and forms part of the error discussed

in Section 4.7.3.

4.7.2.3 Rotational Misalignment

To ascertain the accuracy of the probe alignment, the ADV was rotated by 110◦

and measurements were taken at 10◦ intervals in the centre of the channel. It

was visually apparent that the large part of the flow travelled in the X direction,

parallel with the flume walls, and any component travelling otherwise was small.

Thus as the ADV was rotated, the velocity recorded by the ADV, VX , decreased,

whilst VY increased, in a sinusoidal form. When mapped graphically against a

sine wave, the VX and VY gave an offset value of 2.26◦ against what would be

expected if there were no VY component. This could mean either that the probe

was misaligned by 2◦, or that there was a small component of velocity present in

the Y direction. It was visually confirmed that the flow in the flume contained

a VY component in the central column of the flume. However, were there to

be a 2◦ offset, this would result in 99.9 % of VX being measured as VX (since

sin(90 − 2) = 0.999). As this error is orders of magnitude lower than others

discussed, it is not considered further.
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4.7.2.4 Blade imperfections

Turbine blades for the Wire Hung experiments (Chapter 6) were manufactured

using a high resolution 3D printer, from Veroblue, an acrylic polyjet resin, and dif-

ferences in blades at manufacture are negligable. On occasion, blades were prone

to sudden fracture at the root. This was due to incorrect installation procedure,

and never occurred during operation. Blades could also be susceptible to bend-

ing at the tip after prolonged useage. To mitigate this each blade was visually

checked prior to each experimental run, and any blade displaying bending under

no load was discarded. Bending which was not apparent on visual inspection was

not mitigated, and may contribute to error. In addition, any permanent bend-

ing of the blades which may have occurred within a single test run was also not

accounted for. This could have affected the performance of the blades, and thus

the rotational speed of the turbine during operation. This error is not quantified,

and is noted qualitatively only.

4.7.3 Flume Consistency

Measurements were taken over the course of many days, at different times. Al-

though every effort was made to set the equipment up in the same way each time,

certain uncontrollable variables meant that there was the potential for variation

in measurements between days. The sump was found to have a leak in it which

would, over time, result in an increased head being required to move water to the

flume. It was not possible to refill the sump prior to every experiment, but as the

leak was small it was decided to continue with tests and refill the sump irregularly.

The pump was old, and may have been subject to some variation in its output.

Water temperature fluctuations may also have impacted the performance of the

pump.

Although this uncertainty is a subset of that discussed in Section 4.7.2, due

to its significance and the different approach taken to provide a resolution it has
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Figure 4.23: VX , VY , VZ and I measurements in an identical location over 20
measurement sessions

been analysed seperately here.

4.7.3.1 Measurement Session Comparison

To ascertain the magnitude of the difference, configuration measurements were

taken in the flume during 20 measurement sessions. These measurements were

taken at the same location in the flume (2 D upstream of the nominal turbine

position at hub height), under test conditions, with no device in the flume. Figure

4.23 shows the spread of the velocity and turbulence measurements over the 20

measurement sessions.

Average VX direction velocity measurements are shown in red, and the plot is
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Table 4.4: Statistical variation of measurements due to flume inconsistency

Quantity Mean Absolute Range 2σ
VX 38.16 cm/s 2.95 cm/s 1.52 cm/s
VY -1.74 cm/s 3.1 cm/s 1.48 cm/s
VZ -0.10 cm/s 1.02 cm/s 0.54 cm/s
I 0.057 0.016 0.008

dissected by the mean of all measurements (vertical black line). A one σ variance

is also shown (horizontal error bar). Results for VY , VZ , and I are also shown in

yellow, green and blue respectively. ±σ encompasses 68 % of all measurements

within a normal distribution, and ±2σ encompasses 95 % of all measurements

(Schenck, 1968).

Results are tabulated in Table 4.4 where it can be seen that there is consider-

able variation within the flume VX over different measurement sessions. A range

of almost 3 cm/s is required to cover all the measurements taken, and it is likely

that 95 % of all measurements will be within ±1.52 cm/s (i.e. within 2σ). The

range of results in VY is similar, with a similar 2σ, whilst differences in VZ are

smaller. Differences in turbulence intensity range from 0.050 to 0.067. This is

again a range which highlights the inconsistent performance of the flume.

In Figure 4.24 the VX results are shown in the chronological order in which

they were taken. Results do not show a trend based on the order in which they

were taken, strongly implying that the cause of the inconsistent behaviour of the

flume is not a predictable trend over time.

A further comparison looks at example velocity profiles in the unimpeded

flume at 2 D and 20 D downstream of the nominal turbine position. Figure 4.25

presents the velocity profiles at hub height, 2 D downstream from the nominal

turbine position, taken on three non-consecutive days. These measurements were

taken in the unimpeded flume, and ideally values should be identical, but are not.

Instead, a difference exists between each of them, but most strikingly between

Series A and the others. Series B and C are distinguishable, but all the points in
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Figure 4.24: VX plotted in order of measurement session

Series B are within one standard deviation of the corresponding points in Series

C. This is not the case for Series A, where only 9 of the 13 points are within one

standard deviation of the corresponding points in Series C.

Figure 4.25: VX over three measurement sessions at 2 D downstream

Figure 4.26 shows a further three hub height VX profiles taken on different

days, this time at 20 D downstream. Once again the profiles are not identical,
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with the Series A velocities exceeding the other two, which are more closely

matched. In this example all the points on the Series B profile are within one

standard deviation of Series C, but only 9 of the points from Series A are within

one standard deviation of the points in Series C.

Figure 4.26: VX over three measurement sessions at 20 D downstream

After the mesh (discussed in Section 4.3.5) was added, further comparison

was done between measurement sessions. Similarity in profile shape can be seen

from the plots shown (Figures 4.27a to 4.27d), though it can be seen that a small

variation in magnitude exists. Taking the average velocity across the flume at 2 D

downstream of the proposed turbine position, the first two examples are slightly

slower than the third, which is slightly slower than the fourth. Quantitatively

this has been expressed in Table 4.5.
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(a) VX from Measurement Session A (b) VX from Measurement Session B

(c) VX from Measurement Session C (d) VX from Measurement Session D

Figure 4.27: Unimpeded flume VX over different measurement sessions
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Table 4.5: Comparison of VX over different measurement sessions

Test Date Average VX at 2 D Downstream (cm/s) % Difference from Session A
Session A 37.65 (0)
Session B 37.67 0.05
Session C 38.31 1.75
Session D 38.95 3.45

4.7.3.2 Quantification

If the velocity error between measurement sessions is defined as ±2σ
V∞

and a range

of two standard deviations from the VX mean gives a range of ±1.5cm/s on a

mean of 38.2cm/s, the error is calculated to be ±4%. That is to say, comparing

two VX values taken over different measurement sessions have an expected error

of ±4% due to the flume inconsistency.

Considering a hypothetical regime which was subject to this change in flume

characteristics between every measurement, the deficit error would be the quadra-

ture of the above error in Vw and V∞ (i.e.
√
µ2
∞ + µ2

wake). However, if each deficit

is calculated using Vw and V∞ from the same measurement session, the error may

be taken as the error for V∞ alone, i.e. ±4%. This error applies only to compar-

isons of deficits across measurement sessions.

The velocity deficit definition is given in Equation 2.16 and is repeated here

for clarity.

Deficit = 1− Vw
V∞

(4.2)

4.7.3.3 Experimental Method

Because of the variation within the flume during testing, it was decided to base

results primarily on normalised data, rather than raw data, where possible. For

every measurement taken as part of a wake profile, a corresponding measurement

was taken in the unimpeded flume, at the same position, in the same measurement

session. Thus during a single measurement session, data points were taken for
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the relevant configuration behind the device, then further measurements would

be taken at exactly the same points with the device removed, but the flow regime

kept the same (i.e. the ‘unimpeded flume’). In this way the results could be

normalised against the flow regime and differences caused by uncontrollable vari-

ations within the flume tank could be accounted for. Thus for VX , velocity deficit

is relied upon rather than absolute velocity, although not to the latter’s exclusion.

Although the discrepancy in flume behaviour means that any direct compar-

ison must be treated with caution, it does not exclude that comparison. When

turbulence intensity is used, it is not normalised, but rather used in its raw state,

and the differences of flow regime must be borne in mind. Direct comparisons

are made for turbulence intensity, however these are made by comparing points

within a cross flume profile, rather than making comparisons between measure-

ment sessions. For example, it can be said that a peak exists within a turbulence

profile (e.g. due to the presence of the wake), without drawing conclusions from

the exact magnitude of the peak (which may be influenced by the flume incon-

sistency).

Both velocity deficit and turbulence intensity (defined in Equation 2.16 and

Equation 5.2 respectively) are stated as decimals, where 1 is equivalent to 100 %.

VY and VZ measurements are also not normalised, but are presented in their raw

state.

4.7.3.4 Implications

The following implications can be drawn from the above discussion on flume

inconsistency:

• Indirect comparisons, for example using velocity deficits, and direct com-

parisons from within a single measurement session are the most accurate

and trustworthy methods of data analysis.
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• Velocity deficit will be the primary method of analysing wakes within the

flow regime

• Turbulence intensity will also be used, but primarily through comparisons

within a measurement session.

• Turbulence intensity may still be compared across measurement sessions,

however at all instances when this occurs it will be noted that this is a

comparison across measurement sessions.

• Similarly, where VY and VZ are compared across measurement sessions it

will be noted that this is a comparison across measurement sessions.

• Conclusions will be drawn from velocity deficits and comparisons across

single measurement sessions.

4.7.4 Error Summary

Errors and uncertainty within the experimental setup are high, due to turbu-

lent fluctuations and flume variability. The former applies to all velocity mea-

surements; the latter applies only when comparing across measurement sessions.

When errors are combined, they are combined in quadrature. It should be noted

that comparisons are often made between profiles, and between sets of profiles,

which comprise multiple points. This decreases the likelihood of errors signifi-

cantly impacting the results.
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Chapter 5

Pile Mounted Results

This chapter displays the results of the experiment outlined in Chapter 4. First

the flume channel is profiled without any device present. Following this the wake

of the device structure (with no rotor attached) is presented. Then wakes are

presented for the device operating in a series of configurations: tip speed ratios

of 3, 4 and 5.

5.1 Flume Channel Results (No Device)

5.1.1 Cross Sectional Profiles

Measurements were taken in the flume with the flow running at operating con-

dition, without any turbine device or flow obstruction in place. This allowed the

analysis of the flow in free stream conditions and will be referred to throughout

as the unimpeded flume, the channel being empty of any impediments to the

flow. Unimpeded flume measurements were taken at each point corresponding

to every intended measurement point behind the turbine or structure, and these

were used to analyse the flow of the channel.

Figure 5.1 shows the absolute VX readings in the channel varying with height

and width, where 0 cm is the ‘near wall’ of the channel and 92 cm the ‘far
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wall’. This is taken 2 D downstream of the nominal turbine position, i.e. 2 D

downstream of where the turbine would be positioned were it in the channel. It

is instantly observable that there is a significant degree of non-uniformity across

the channel, both in height and width.

Figure 5.1: Unimpeded flume VX at different heights, 2 D downstream of nominal
turbine position

Of first note is that the velocity does not reach a peak in the centre of the

channel width, but is faster close to the far wall, and slower close to the near

wall. This is the case at all heights and from other results appears to be true for

all distances downstream. At the height at which the turbine hub would sit if it

was in place (23 cm), the peak velocity occurs 70 cm from the near wall, at 40.8

cm/s, whilst the minimum velocity (aside from the slower flow found beside the

walls) is 28 cm from the near wall, at 37.8 cm/s, giving a difference of 3 cm/s

across the flow. The cause of this discrepancy is likely to be the inflow of the

channel: the rotational nature of the pumped flow accelerates the flow on one
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side of the channel slightly more than on the other. A further 25 D downstream

of this, similar results occur, with a difference of 3.5 cm/s between the peak and

trough at hub height (shown in Figure 5.4). This is an indication that the flow is

non-uniform all the way downstream, and that this is not unique to this section

of the flume.

At the top of the channel (23 – 29 cm height) the flow behaves in a similar

fashion throughout. However, beneath 17 cm the flow speed decreases with depth,

and the lowest speeds are recorded at 1 cm from the channel bottom, which is

within the boundary layer. The velocities within the lower part of the flume are

also less consistent across the width of the flume. This may be due to imper-

fections in the channel bottom material where small bumps occur or sections of

paint are peeling, or it may be a function of the velocity intake far upstream.

Further boundary layers are encountered at either wall of the flume, where the

velocity slows considerably.

The same measurement points are displayed in Figure 5.2 in terms of VY and

VZ , drawn as a vector plot looking downstream. As explained in Section 4.5.1

measurements above 29 cm were not taken due to the probe head requiring full

submersion and a blanking distance for operation. This shows further evidence

of considerable asymmetry in the flow of the unimpeded flume channel, as there

appears to be an eddy present. A clockwise rotation appears at the base of the

channel, closer to the nearside wall. In the top portion of the channel the flow

is almost uniformly moving away from the near-side, and close to the far-side

wall it moves downwards. These vectors are an order of magnitude less than the

velocity in the X direction. This is in keeping with Figure 5.1, where it is clear

that there is a faster VX towards the far side of the channel wall.
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Figure 5.2: Unimpeded flume YZ velocity vectors 2 D downstream of nominal
turbine position

5.1.2 Variation With Height

As can be seen from the previous figures, the velocity at the surface is higher

than that at the base of the channel. This is highlighted in Figure 5.3, where the

vertical velocity profile at the centre of the channel is plotted. It is shown against

a 1/9th power law, commonly used to approximate boundary layers,

V

V∞
=

z

H

1
9

(5.1)

where V is the velocity at distance z from the channel base, Vinfty is the

freestream velocity and H the height at which the flow reaches freestream velocity.

The theoretical model gives a reasonable approximation of the flow speed within

the shear layer; beyond the shear layer the velocity stays reasonably constant as

z increases above H.

5.1.3 Upstream Vs Downstream

A further profile was then plotted, showing the VX profile in the unimpede flume

25D downstream of the nominal turbine position (Figure 5.4). As with Figure 5.1

above, the flow is faster on the far wall side, and slower on the near wall side. At
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Figure 5.3: Measured and theoretical vertical velocity profiles

Table 5.1: Flume depth at different distances downstream

Distance Downstream of Nominal Turbine Position (m) Depth (mm)
-4 395
0 402
4 406
8 416

all heights the velocities at 25 D downstream are slightly slower than those at 2 D

downstream. This is likely due to viscous effects and other losses in the channel.

In theory any velocity loss due to viscosity will cause a small head increase in the

flow, as mass flow rate must be conserved. Although small leakages were present

within the flume (in the order of cm3/s), height measurements taken do show

an increase with distance downstream, as displayed in Table 5.1. At the walls

this difference is more pronounced, which is seen by much lower velocities. It is

unclear whether this is a local effect caused by uneven wall surface, or whether

it is the growth of the boundary layer as it travels downstream. In either case,

it does not extend to the rest of the channel width. This downstream velocity

difference is, along with the flume inconsistency across measurement sessions, the

reason for the continued taking of unimpeded flume measurements corresponding

to the wake measurements, and the use of a local normalisation value as opposed

to a single upstream free stream value against which to normalise.
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Figure 5.4: Unimpeded flume VX at different heights, 25 D downstream of nominal
turbine position

87



5.1.4 Turbulence Profiles

The turbulence intensity profiles within the channel have also been plotted. Tur-

bulence intensity, I, is the ratio of the root mean square of the velocity fluctuations

to the mean velocity, as given in Equation 5.2,

I =
v′

V
(5.2)

where

v′ =

√
1

3
(v′2x + v′2y + v′2z ) (5.3)

and

V =
√

(V̄ 2
x + V̄ 2

y + V̄ 2
z ) (5.4)

Figure 5.5 shows the turbulence intensity across the channel at different

depths, 2 D downstream of the nominal turbine position. Turbulence intensity is

stated as a decimal, where 1 is equivalent to 100 %. The turbulence intensities

at the bottom of the channel are much higher than those at the top. At the

channel base (1 cm) the turbulence is almost 0.1, and like the velocity (Figure

5.1) is varied and inconsistent across the width of the channel. For the turbulence

intensity to remain constant throughout the channel, the fluctuations would have

to be lower at areas of low velocity, so as to match the higher areas of velocity

proportionally. Or put another way, if the eddy sizes (and thus fluctuations) are

constant throughout the cross section of the flow, the turbulence intensity will

be higher at areas of low velocity, as fluctuations are proportionally larger. This

is why the turbulence intensity is larger in the lower velocity areas of the flume

(particularly at the walls and at the base of the flume). The turbulence decreases

roughly as height increases until 11 cm from the channel bottom on the far side,
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and 23 cm on the near side. This further highlights the asymmetry in velocity

across the width of the flume.

Figure 5.5: Unimpeded flume turbulence at different heights, 2 D downstream of
nominal turbine position

5.1.5 One Dimensional Turbulence Intensity

Turbulence is by its very nature a three dimensional phenomenon, and anything

limited to one or two dimensions is not turbulence in the strictest sense. However,

it can be a useful exercise to break up the turbulence into its constituent parts.

A further characteristic of turbulence in an ideal situation is that it is isotropic

– the mean oscillations in each direction are the same. Isotropy occurs when the

flow is a sufficient distance from screens, honeycombs or boundaries. The above

Equation 5.3 is modified to contain only the fluctuations in a single direction, e.g.

where
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v′x =
√
v′2x (5.5)

The three dimensional mean velocity is retained as the denominator to give

Ix =

√
v′2x
V

(5.6)

In Figure 5.6 the 1D turbulence was plotted for X, Y and Z directions, at 2

diameters downstream of the nominal turbine positions in the unimpeded flume

at the nominal rotor hub height. This is also compared to the 3D turbulence

intensity. As can be seen IX exceeds IY for most points, and IY in turn exceeds

IZ for most points. This demonstrates that the turbulent eddies have a larger

rotation in the X direction than the other directions, and the flow is not isotropic.

As eddies are formed through sheer layers it is likely that they derive from the

side walls of the channel, where there is a boundary layer, and possibly from

inflow conditions. The 3D turbulence lies between the higher and lower bounds

of the 1D turbulence, as would be expected from an amalgamation of individual

turbulence values.

As with the 3D turbulence it should be noted that 1D turbulence is a function

of the mean flow velocity, and the size of fluctuation does not necessarily corre-

spond to this. Therefore areas of low mean velocity (e.g. the far channel wall)

have a high turbulence intensity, which may not be an indication of increased

fluctuations, and areas of high mean velocity (e.g. inside the near channel wall)

have a lower turbulence intensity, which may not be an indication of decreased

fluctuations.

5.1.6 Reynolds, Froude and Turbulence Calculations

To ascertain whether the turbulence intensity values for the unimpeded flume

were reasonable, an expected turbulence value was calculated. The Reynolds

90



Figure 5.6: Unimpeded flume one dimensional and three dimensional turbulence,
2 D downstream of nominal turbine position, at nominal hub height

Table 5.2: Calculated approximate value for turbulence

Mean Velocity (m/s) 0.38
Area (m2) 0.368
Perimeter (m) 2.64
Density (kg/m3) 999
Viscosity (Pa.s) 0.001

Hydraulic Diameter (m) 0.5576
Reynolds Number 2.12 e05
Turbulence Intensity (%) 3.45

number of the flume was calculated as given in Equation 2.17, using the hydraulic

diameter, Dh (White, 1994). Using the following formula an approximate value

for the turbulence intensity could be calculated (Fluent-Inc., 2003),

I = 0.16Re
− 1

8
Dh

(5.7)

This formula assumes that the flow is fully developed, but this is unlikely to

be the case due to the effects of the pump input and the inconsistencies in flume

wall and base, as mentioned in Section 4.3.1.

The calculated value of turbulence (Table 5.2) is lower than the ≈ 5% mea-

sured in the centre of the flume at nominal hub height (see Figure 5.6), but
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stands as a reasonable approximation. Both the calculated and measured values

are classified as medium level turbulence (between 1–5 %).

The Froude number of the flume tank was also calculated using Equation

2.18 and found to be approximately 0.2. This is less than the 0.25 mentioned in

Section 2.4.2, and the Froude number is not considered further.

5.1.7 Points of Note

The unimpeded channel is non uniform in a number of ways:

• The VX is higher on the far wall side, and lower on the near wall side (there

is a difference of 3 cm/s across the flume at hub height, Figure 5.1).

• VX increases with height up to 23 cm (Figure 5.1).

• VY and VZ contour profile shows further asymmetry in the form of an eddy

in the flume (Figures 5.2).

• The VX profile in the water column can be approximated using a 1/9th

power law (Figure 5.3).

• Upstream and downstream profiles are very similar, though downstream

flow is slightly slower and deeper (Section 5.1.3).

• The turbulence (or velocity fluctuation) is not isotropic (Figure 5.6).

• The most useful data comparisons will therefore be those using normalised

values, i.e. velocity deficits.

• There is an opportunity to verify (or otherwise) results produced here using

a flume with consistency across its profile and across measurement sessions.
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5.2 Structure Results

Before examining the wake of the model tidal turbine, the impact of the structure

on the flow was considered. This was achieved by removing the rotor from the

device and taking measurements behind the static structure. The static structure

comprises the nacelle, the pile and the anchor weight shown in Figure 4.3 (the

rotor is shown in the Figure, but not present in the results of this section). A

photo of the device is shown in Figure 4.1, and it is described in Section 4.1.1.

5.2.1 Velocity Profiles

As with the unimpeded flume, velocity profiles were plotted downstream of the

structure to assess the wake. It was expected that the effects of the structure

would be limited to the centre of the channel, so measurements were focused on

that area. For further details on the measurement grid taken refer to Section 4.5.

Figure 5.7 shows the VX deficit profiles 2 D downstream of the device position at

six different heights. Velocity deficit is stated as a decimal, where 1 is equivalent

to 100 %. At the base of the channel, in the centre of the flow, there is a very

large deficit, by far the maximum observed here. A few centimetres either side of

it, towards the near or far wall, the deficit is considerably less. This large deficit

is caused, not primarily by the device itself (though no doubt it is a factor), but

by the anchor holding it in place. The anchor is circular, and centrally aligned,

with the turbine pile rising from its centre. Therefore, with a diameter of 25 cm

the anchor is only 15 cm away from the measurement point in the centre of the

channel. The measurement points either side of this are much further away from

the anchor, and so its effect is considerably less.

At the next height up there is also a large deficit in the centreline, but it is less

than at the base. Again either side of the centreline the deficit drops, this time

close to zero. Above this the centreline continues to show a deficit which quickly
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drops approaching either near or far wall. When measuring on the centreline at 6

cm height the probe is directly behind the pile. However, it is likely that the large

deficit is caused by a mixture of the pile immediately upstream, and the anchor,

which is upstream but below the measurement point. The extent to which one

dominates the other is difficult to determine, but might perhaps be gauged by the

deficit at heights 11 and 17 cm, where the points may be too high to be greatly

affected by the anchor, and the velocity deficit is broadly consistent. At the hub

height the peak deficit is very small, and beyond the hub height there appears to

be no peak.

Looking at the device in place, in particular the size of the nacelle compared

with the size of the pile, it might be reasonable to think that the nacelle would

create a larger wake than the pile. However, this does not appear to be the case.

The deficit behind the nacelle (23 cm) is considerably lower than that behind the

pile, even allowing for the effect of the anchor. The highest measurement point

in the centreline gives a deficit close to zero, which is consistent with expectation

given that it is above the entire structure. There is, however, a small peak at this

height one measurement point in from the centreline, towards the nearside wall.

Outside of the structure area the deficits are generally slightly below zero,

which indicates a flow acceleration due to the structure. This is surprising as the

structure is small relative to the area of the channel, with a blockage ratio of less

than 4 % (including anchor).

In Figure 5.8, the YZ velocity vectors are presented, corresponding to the VX

deficit profiles given in Figure 5.7, above. Unsurprisingly, the largest vectors are

those found at the base of the channel, by the anchor. The effect of the anchor

manifests itself here in large VZ values, positive in the centre, and negative on

either side. As the flow travels up from the base, it also travels down from the

nacelle, as the measurements behind the pile attest. The flows seem to meet just

below 6 cm, and it would be reasonable to suggest that the momentum at this
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Figure 5.7: VX deficit 2 D downstream of structure

point moves the flow towards the far wall. This plot is interesting in that whilst

Figure 5.7 shows a large difference between the VX deficits behind the pile and

the behind the nacelle (e.g. at 17 cm and 23 cm height), the vector plot shows

that they are very similar in the Y and Z directions.

Figure 5.8: YZ velocity vectors 2 D downstream of structure

Of primary interest is the distance downstream to which the wake effects of the
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structure persist, and the following three plots chart this at different heights. At

1 cm from the base of the channel only three measurements were taken across the

breadth of the flume, as shown in Figure 4.16. In Figure 5.9, the high immediate

velocity deficit is followed by almost complete recovery a further 2 D downstream.

Although this measurement was recorded 2 D downstream of the turbine position,

it was less than 1 D from the anchor. This was due to the circular shape of

the anchor, with the device in its centre. Immediately behind the anchor the

velocity drops considerably, as it acts as a bluff body, but recovers quickly beyond

this. Beyond 2 D downstream the deficits vary a small amount but show no

indication that this is due to the structural wake. It appears that the wake

caused by the anchor breaks down quickly and will have little bearing on the

turbine measurements.

Figure 5.9: VX deficits 1 cm from the base of the channel, behind the structure

Figure 5.10 shows the velocity deficit profiles at 6 cm height, which is behind

the pile. Unlike the previous plot, the deficit is still visible from 4–6 D down-
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stream, remaining above 0.1 whilst showing gradual recovery. Beyond this the

deficit drops well beneath 0.1 and might be considered recovered. At 10 and 20 D

downstream there does appear to be a small bulge at the centreline, which may

be sign of the continued presence of a wake, however it should be remembered

that this occurs at small deficits close to zero, and whilst it will be borne in mind

during comparisons to other configurations, it is unlikely to be the result of the

persistent wake of the structure. At the nearside of the flume there is evidence

of an area of variability in the flume section, 16 – 26 cm from the near wall.

This area of increased variability is also visible to a lesser extent at hub height

(Figure 5.11) and is a feature of the flume, which may be caused by the caused

by the flume inlet. The lower flow speed on this side of the channel magnifies the

variance within the velocity measurements.

Figure 5.10: VX deficits 6 cm from the base of the channel, behind the structure

Figure 5.11 shows the same plot for a height of 23 cm, the hub height. As

mentioned above, the deficit immediately behind the device was small, therefore
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any wake further downstream would also be small. All measurements fall between

0.1 and – 0.1, with most being close to zero. In the centreline there is an area of

recovery to 4 D downstream, but beyond this the points are scattered within a

small range around zero. On the far side of the turbine area there is agreement

between all distances downstream, but on the nearside there is a wider spread, as

part of the increased variance in the flume at this point. Variance at hub height

is not as large as the variance seen at 6 cm depth.

Figure 5.11: VX deficits 23 cm from the base of the channel, behind the structure

Though it appears that the pile contributes the most significant part of the

wake of the structure, no measurements were taken of the wakes behind the

individual constituent parts of the structure (the anchor, the pile and the nacelle).

A theoretical approximation for the rate of velocity deficit recovery in the wake

behind a cylinder in a turbulent flow is given by Schlichting (1979) as

Deficit ∝ x−
2
3 (5.8)
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where x is the distance downstream. In Figure 5.12 this is compared to the

wake measurements in the central width of the flume at 17 cm from the base

of the channel (i.e. behind the pile). The theoretical prediction is normalised

against the measured result at 2D downstream.

Figure 5.12: Velocity deficit in the wake of the pile at 17 cm height (circles) and
theoretical prediction (solid line)

Here it can be seen that the wake recovery of the whole structure corresponds

approximately to that of the predicted wake of a cylinder, which supports the

possibility that the pile makes the most significant contribution. It is likely that

the cylindrical pile induces vortex shedding (as occurs around a cylinder), at a

magnitude that the nacelle does not.

5.2.2 Turbulence Profiles

The turbulence profiles behind the structure were then compared to those of the

unimpeded flume to ascertain the magnitudes of turbulence generated by the de-
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(a) Showing all measurements (b) Scale reduced to exclude maximum

Figure 5.13: Turbulence intensity 2 D downstream of the structure at different
heights

vice and to assess its break up. Figure 5.13 shows the turbulence intensity profiles

at different heights, 2 D downstream of the structure. Again, the turbulence is

largest at the base of the channel, immediately downstream of the anchor, where

it approaches one. This means the fluctuation term is almost as large as the mean

velocity term. Similar to Figure 5.7 the turbulence is markedly lower at every

other point, indicating that the peak is caused by the anchor.

In the vertical centreline the turbulence decreases with height, though mini-

mally between 11 and 17 cm, where the turbulence generated by the pile is close

to constant, and not affected by the anchor. Recalling Figure 5.5, the turbulence

intensity in the unimpeded channel decreases with height until 17 cm, explain-

ing the small difference between the points at 11 and 17 cm in Figure 5.13. At

hub height there is a turbulence intensity of 0.083, compared to the correspond-

ing value of 0.054 taken in the unimpeded flume during the same measurement

session.
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The turbulence intensity at 6 cm height was plotted to further visualise the

breakup of the wake (Figure 5.14). Corresponding to Figure 5.10 there is a large

peak immediately downstream of the pile, followed by a much smaller peak at 4 D

downstream, then a gentle recovery beyond. By 10 D downstream the turbulence

from the pile has dissipated. Note that this compares turbulence across multiple

measurement sessions.

It is interesting to note that the peak turbulence intensity caused by the pile is

relatively much larger than the peak velocity deficit. In the centre of the channel

the velocity deficit decreases by 49 %, whilst the turbulence intensity decreases by

70 % (assuming a datum turbulence intensity of 0.06). This is likely to be because

the turbulence follows the Batchelor spectrum as it breaks down, where energy

passes to higher and higher frequency eddies (Tennekes and Lumley, 1972). As

soon as energy passes to eddies of a frequency higher than the Nyquist frequency

(in this case 12.5 Hz), it becomes undetectable (Luke, 1999). Whilst this energy

is still within the system, it cannot be seen and so appears to have dissipated;

though in reality it is still present in the form of small scale rotation. Therefore

in this experimental configuration it may be more appropriate to consider the

velocity deficit over the turbulence intensity as a quantity in which to search for

evidence of the longevity or otherwise of the wake.

The above has shown that the structure had little influence at the hub height,

and it was expected that the rotor would have most influence at that height.

Therefore, for most analyses the hub height was used as the primary indicator of

the wake of the blades, although other heights were also examined.

5.2.3 One Dimensional Turbulence

As with the unimpeded flume, the three dimensional turbulence was divided into

three constituent parts (Figure 5.15, below). Again, in the free flowing areas

of the channel, IX is generally higher and IZ generally lower than IY and the
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Figure 5.14: Turbulence intensity 6 cm above the channel base, behind the struc-
ture
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3D turbulence. However, behind the device structure IY is larger, indicating an

increased relative fluctuation in the Y direction. The absolute flow velocity in the

Y direction is also greatly increased as the fluid is forced around the structure. It

might have been expected that a similar trend would be observed in IZ as the fluid

is forced over the symmetrical structure of the nacelle, however it is not nearly

so pronounced. It is postulated that this effect is a result of interference from the

pile, as the pile is a symmetrical cylinder, liable to the shedding of vortices which

will share the axis of the pile. However, no measurements were taken of the pile

on its own to confirm this.

A point directly behind the pile, at 2 D downstream, can be seen in Figure

5.16, where VY is shown in the frequency domain, indicating evidence of the

vortices. Here there are a series of large spikes at approximately 2, 4, 5.5 and 6

Hz, which is likely due to vortex shedding. A vortex shedding frequency of 2 Hz

corresponds to a Strouhal number (as described in Section 2.4) of approximately

0.1.

Figure 5.15: One dimensional turbulence intensity, 2 D behind the structure

5.2.4 Points of Note

• The wake of the pile is postulated to be more significant than that of the

nacelle, however further experimental work would be required to confirm
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Figure 5.16: Fast Fourier Transform (FFT) of VY directly behind the pile, with
the turbine not operational and blades removed

this.

• At hub height the deficit never goes above 0.1 (i.e. it is very small; Figure

5.7).

• The wake of the structure is small, the majority of the flow having recovered

between 6–10 D downstream (or earlier at the rotor height; see Figure 5.11).

• The wake of the structure at hub height is small, though below the nacelle

vortex shedding is observed from the pile (Section 5.2.3).

5.3 Standard Device Results (λ = 4)

The turbine blades were then attached and the device was set to run at a tip

speed ratio of four, with wake measurements being taken as before. The turbine

was run at a rotational speed of 116 rev/min. This gave a tip speed of 1.5 m/s.

With a free stream velocity, V∞, of approximately 0.38 m/s, the tip speed ratio

was four.

As with previous tests, velocity measurements were taken at various points

behind the device, building up a series of cross sectional grids. These were com-

plemented by measuring the same points and building up the same grids with the
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turbine removed. VX in the wake could then be normalised, and VY , VZ and the

turbulence intensity could be directly compared with the corresponding point in

the unimpeded flume.

5.3.1 Velocity Profiles

Normalised VX profiles were plotted at hub height across the flume for varying

distances downstream, shown in Figure 5.17. The measurements stretch from 2

D downstream of the device to 25 D downstream of the device, and from 5 cm

from the near wall to 5 cm from the far wall. At 2 D downstream of the device

there is a large deficit at the centreline, and a close to free stream velocity in line

with the blade tips, i.e. no deficit. Beyond this, on either side of the rotor there is

a negative deficit, which shows there is some flow acceleration due to the device.

Further downstream the measurements within the rotor area tend to decrease in

deficit, and the measurements out with the rotor area tend to increase, thus both

are recovering to free stream.

The lowest measurements of deficit in the rotor area occur at 25 D, the furthest

distance downstream, demonstrating continuous wake recovery from 2 to 25 D.

Figure 5.18 gives the velocity deficit in the centreline of the flume, directly behind

the device. In it the deficit drops from 0.26 at 2 D downstream, to 0.04 at 25 D

downstream. With two exceptions, there is continual recovery. In the near wake

the recovery is quick, whilst in the far wake it is more gradual. Velocity deficit

has recovered to < 0.1 by 13 D downstream. This is comparable to results found

in Stallard et al. (2013) (by 14 D) and Chen et al. (2017) (by 12 D). However,

there is significant uncertainty present, due to the comparison between different

measurement sessions and the turbulent fluctuations in the velocity (Section 4.7).

Given the measurement resolution, any quantification of wake expansion be-

comes troublesome. However, some evidence may be seen on the nearside, behind

the rotor tip. Figure 5.19 shows the location of a measurement point proximate
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Figure 5.17: VX deficit profiles at hub height for standard case (λ = 4)

Figure 5.18: VX deficits in the channel centre and the nearside blade tip line at
hub height for standard case (λ = 4)
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Figure 5.19: Measurement grid positions (as per Figure 4.14) highlighting the
nearside blade tip measurement location

to the nearside rotor tip. In Figure 5.18, the deficit behind the nearside rotor tip

increases until 10 D downstream, where it begins to decrease. It is expected that

within the first 10 D the wake is spreading out from the centreline to the blade

tip line, and beyond this the wake is recovering at the blade tip line.

The acceleration caused by the device appears to extend from the first points

outside of the rotor area to the points by both channel walls. There is a large

dispersion of results at both channel walls. Whilst a majority of the points

are negative, thus the flow is accelerated, no obvious relationship presents itself.

Instead, it can be explained by the lower free stream velocities at the walls. The

deficit is calculated by dividing the wake velocity by the unimpeded flume velocity

at the corresponding point, for reasons explained in Section 4.7.3. Therefore, at a

point where the unimpeded flume velocity is lower, the deficit will be susceptible

to larger changes when the wake velocity varies. A further reason for the wide

spread of results at the walls is the varying surface qualities at different areas

downstream. At some measurement points the wall is smooth and clean, whilst

close to others there are joins in panels, steel supports and even small bolts.

These are not expected to greatly vary the channel flow as a whole, but may slow
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down or speed up the local flow. As previously stated, a change in the free stream

velocity means a change in sensitivity of the velocity deficit.

At 20–25 D downstream, the flow has recovered much of its velocity, but there

is still a deficit. Figure 5.20 compares the absolute velocities at the furthest two

distances downstream with the corresponding unimpeded flume velocities. From

this the flow in the wake of the device is clearly slower than the flow of the

unimpeded flume in the rotor area. Out with the rotor area there is still evidence

of flow acceleration at 20 D downstream, but this appears to have been dissipated

by 25 D, where it cannot be seen.

Figure 5.20: Comparing absolute VX values for the unimpeded flume and the
standard case (λ = 4) far downstream

5.3.2 Turbulence Profiles

In a similar fashion, the turbulence intensity profiles at hub height were plotted

(Figure 5.21). This compares different measurement sessions, and it should be
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remembered that whilst velocity deficit is a normalised value, turbulence intensity

is absolute in that it is not benchmarked against the unimpeded flume, or already

present turbulence.

At 2 D downstream of the device there is high intensity in the centreline of the

channel, at 0.14. This is greater than the turbulence intensity of the structure in

Section 5.2, which is 0.08. Within the rotor area the turbulence intensity drops

considerably in either direction (towards the near or far wall). Downstream of

this the centreline peak is not nearly so pronounced, and by 8–10 D there is

no peak as such, but a raised turbulence intensity across the rotor area. The

intensity then falls with distance downstream. On either side of the rotor area

there is a clear curve where the turbulence drops to a local minimum before

increasing again at the wall. The curve on the far wall side displays a good level

of consistency regardless of distance downstream, and whilst the curve on the

near wall side is more disparate there appears to be no obvious relationship with

respect to distance downstream. The similarities of the turbulence intensities in

these areas indicates that the device has little effect on the turbulence in these

areas.

The increase in turbulence intensity at both walls is due to the lower velocities

in these areas. That the turbulence intensities in these regions are more spread

out is again attributable to turbulence being more sensitive in lower velocity

regions. This is also why the curve by the far wall is more uniform than the curve

by the near wall; it is situated in a higher velocity area.

Figure 5.22 shows the turbulence intensity in the channel 20–25 D downstream

of the turbine position at hub height, comparing the turbulence in the unimpeded

flume with that in the wake of the turbine. Although the profiles are similar,

there is noticeable difference. In both instances the near side of the channel, the

slower side, shows no difference in turbulence, but on the far side of the channel

the unimpeded flume turbulence is lower than that behind the turbine. This is
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further indication of the presence of a wake far downstream. That the wake is

found on the far side of the channel as opposed to the near is in line with the

analysis of the unimpeded flume. The inherent flow in the Y direction (towards

the far wall) will push the wake away from the centreline.

Figure 5.21: Turbulence intensity profiles at hub height for the standard case
(λ = 4)

5.3.3 One Dimensional Turbulence

Figure 5.23 below plots the 1D turbulence intensity for the standard case. As

with the previous examples, the measurement points are taken across the flume

channel at hub height. As is shown in Figure 5.21 the turbulence behind the

operating device is much greater than behind the static structure. Again IY

exceeds the turbulence in other directions. Taking the unimpeded flume results

(Figure 5.6) as the base case, the turbulence levels behind the structure can be

compared to those behind the standard case (Table 5.3). Behind the device, on
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Figure 5.22: Comparing turbulence intensity values for the unimpeded flume and
the standard case (λ = 4) far downstream
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Table 5.3: Turbulence increase from the structure to the standard configuration

Turbulence % Increase from Structure to Standard Configuration
I 196.6
IX 160.4
IY 147.9
IZ 794.8

the rotor rotational axis, the 3D turbulence increases by 197 %. IX and IY also

increase, by a smaller amount, whilst IZ increases greatly. The increase in IZ

is due to the turbulence added by the rotor, which generates fluctuations in all

directions.

Figure 5.23: One dimensional turbulence for the standard case (λ = 4) at 2 D
downstream

5.3.4 Velocity Vectors

As above, velocity vectors were plotted to display the VY and VZ in various cross

sections of the flow. Figure 5.24 shows the flow 2 D downstream of the device.

The central circle represents the swept area of the rotor. It should be remembered

that conservation is not required in this plot, as the VX is not shown. The flow

can be seen to be moving from the near wall towards the far wall, as occurs in

Figures 5.2 and 5.8. Comparing with the unimpeded flume cross section (Figure

5.7) there is a more uniform spread on either side of the rotor area, where before
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there was a large swirl. The influence of the turbine is visible in that in the

centre of the rotor area the rotation can be made out, the flow moving clockwise

as it travels downstream. This is comparable to Figure 5.2 where minimal clear

rotation is apparent in the equivalent area of the flume. By 4 D downstream

(Figure 5.25) the central swirl has dropped in size, and by 10 D (Figure 5.26) it

has all but disappeared, leaving no visible trace of the wake of the turbine using

this method of visualisation.

Due to the blanking distance mentioned in Section 4.4.2, velocity measure-

ments for the top section of the rotor area and flume were not taken. Thus there

is no data at the top of the flume. Data from this area could have provided some

indication of the impact of the free surface on the wake. It would also have pro-

vided further information on the VY aspect of the flow across the channel, and a

fuller picture of the rotational effects of the rotor at 2 D downstream. However,

the most significant results obtained are those at hub height (e.g. Figure 5.17),

which show the deficit as it travels downstream, and on which the conclusions

are based.

It should be emphasised that these plots present the average velocity vectors,

as opposed to the instantaneous vectors, therefore time variant eddies will not be

shown unless they are consistent enough to dominate the average.

Figure 5.24: YZ velocity vectors for the standard case (λ = 4) at 2 D downstream
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Figure 5.25: YZ velocity vectors for the standard case (λ = 4) at 4 D downstream

Figure 5.26: YZ velocity vectors for the standard case (λ = 4) at 10 D downstream
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5.3.5 Upper Flow vs Lower Flow

In Figure 5.27, the horizontal profiles of the VX deficit at 2 D downstream are

plotted for different heights within the channel.

Along the centreline the larger deficits occur towards the base of the channel,

the highest peaks being at 1 and 6 cm. The deficits towards the top of the

channel are lower, even though they are directly behind the rotor. This is due

to the presence of the structure and anchor, as discussed in Section 5.2, and the

lower velocities at the bottom of the tank, as discussed in Section 5.1. When

compared to Figure 5.7 it is clear that the velocity deficit at the channel base

is lower for the standard case. As the comparison is being made over different

measurement sessions, this may be due to the flume inconsistency. However, for

every height above this the standard case velocity deficit is greater. Furthermore,

there is increased evidence of flow acceleration around the device, seen in the

negative deficit on either side of the rotor.

For 0.5 D either side of the centre of the flume it would be reasonable to expect

the wake to be largest at hub height, where rotor tips ‘reach out’ furthest. This

is the case above the gravity anchor, although the effect is not as pronounced as

might be anticipated (Figure 5.28). Outside of the rotor area there are consistent

negative deficits, meaning flow acceleration is taking place. This occurs equally

on both sides of the rotor, with little difference due to depth.

Further downstream, the centreline velocity deficit has dropped considerably

at the base of the channel, whilst dropping considerably less at the rotor heights

(Figures 5.29 and 5.30). At 10 D downstream the largest deficits can be found

across the rotor area at 23 cm height (hub height). Here the wake of the turbine

dominates over the wake of the structure. A slight flow acceleration appears

to remain outside of the rotor area at 4 and 10 D downstream, and is more

pronounced on the near wall side.

Figures 5.27, 5.29 and 5.30 (the deficit depth profiles) can be compared to
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Figure 5.27: VX deficit profiles for the standard case (λ = 4) at 2 D downstream

Figure 5.28: Vx deficits at the near and far side rotor tips 2 D downstream of the
standard case
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Figures 5.24, 5.25 and 5.26 (the velocity vectors), as they cover the same area

(although the former are normalised whilst the latter are not).

Figure 5.29: VX deficit profiles for the standard case (λ = 4) at 4 D downstream

5.3.6 Blockage

In Figure 5.17 an acceleration was seen on the near and far side walls, and on the

far side of the channel, continuing downstream. At the boundaries the relatively

slow flow was re-energised, and remained so for most of the distance downstream.

On the far side of the flume the flow increase was not particularly high, but was

significant in that it did not recover quickly. The blockage ratio was 13 %, and

no change in surface elevation was noted at any point.

The wake recovery may have been slightly slowed due to the shallowness of

the flume. The water height was 1.6 D, and Myers, Bahaj and Germain (2008)

suggests that any depth less than 4 D may reduce the rate of wake recovery by
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Figure 5.30: VX deficit profiles for the standard case (λ = 4) at 10 D downstream

inhibiting mixing below the turbine due to the bottom boundary layer. Whilst

this may have retarded recovery somewhat, and it is expected that full scale

devices will be positioned in flows deeper than 1.6 D, it is highly plausible that

they may positioned in flows shallower than 4 D. A 20 m diameter rotor (e.g.

approximately 1 MW) might well be located in a water depth of less than 40

m, and certain specialised devices might be installed in far shallower waters,

decreasing the wake recovery in a manner comparable to this experimental work.

5.3.7 Coefficient of Thrust

Using Equation 2.13, an approximation of the coefficient of thrust was calculated

from the free stream and wake velocities. The CT was found to be 0.45, which is

similar to that used in Currie, Osbourne and Grouix (2016) and Chen et al. (2017).

However, this is likely to be an underestimate, as measurements for Vw were not
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taken immediately downstream of the rotor, but were taken 2 D downstream,

where some velocity recovery has already taken place. A more accurate value of

CT could have been obtained by gauging the device and measuring the bending

applied to the turbine strut. Blockage has not been corrected for, but its effects

are likely to be small.

5.3.8 Points of Note

• The highest velocity deficits occur in line with the centre of the rotor; in

line with the blade tips the deficit is ≈ 0 immediately downstream of the

rotor (Figure 5.17).

• Wake recovery is seen from 2 D to 25 D, recovery is faster close to the rotor

and slower further downstream (Figure 5.17).

• However, there is significant uncertainty in the measurements (Section 5.3.1)

• Some flow acceleration is noted around the device (Figure 5.17).

• Wake mixing causes the deficit in line with the blade tip to increase until

about 10 D downstream, where it begins to decrease (Figure 5.18).

• Deficit recover is in line with other experimental work found in literature

(e.g. Stallard et al. (2013) and Chen et al. (2017)) (Section 5.3.1).

• There is still evidence of the wake at 25 D downstream (Figures 5.20 and

5.22).

• The rotation of the wake in the YZ contours is evident at 4 D but not at

10 D (Figures 5.25 and 5.26).

• The low depth to rotor diameter ratio may inhibit wake recovery (Section

5.3.6).
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5.4 Alternative Rotational Configurations (λ =

5, λ = 3)

The device was then run in two further configurations. The rotational speed

of the device was increased whilst keeping all other set-up constraints constant,

so as to give a tip speed ratio of five, and the wake was measured in the usual

fashion. The device was also run at a tip speed ratio of three. These wakes

behind the device were analysed and presented as follows. At these speeds the

thrust coefficients were calculated to be 0.48 and 0.40 for λ = 3 and λ = 5

respectively. As noted in Section 5.3.7 this method is likely to underestimate the

CT as velocity measurements were not taken immediately behind the rotor, but

taken 2 D downstream, where some velocity recovery has already taken place.

5.4.1 VX Profile

The normalised VX deficit profiles for the λ = 5 configuration were plotted in

Figure 5.31. These follow a similar shape to Figure 5.17. At 2 D downstream

there is a large deficit in the centre of the channel, which falls to zero approaching

either blade tip line. Outside of the rotor area the deficit is negative, thus flow

acceleration is present. For all distances downstream a similar pattern is observed,

though the deficit peak behind the device spreads over the rotor area with distance

downstream. At 20 D there is still a deficit of 0.06 in the centreline.

Acceleration can be seen outside of the rotor area at distances near to the

device, but it recovers with distance downstream. There is some evidence to

suggest that the wake drifts towards the near wall as it travels downstream. At

13 D downstream the maximum velocity deficit is found to the nearside of the

centreline, and at 20 D downstream the total deficit shape extends beyond the

rotor area towards the nearside wall. The measurements taken at 13 and 20 D

downstream were compared in absolute terms, shown in Figure 5.32. At these

120



distances downstream there are still large differences between the velocity in the

unimpeded channel and that behind the device, indicating the continued presence

of the wake. The recovery between 13 and 20 D downstream is modest. Again,

the expansion of the wake has occurred towards the near wall, but not towards

the far wall.

Figure 5.31: Hub Height VX deficit (λ = 5)

Figure 5.33 shows the wake recorded behind the device running at λ = 3.

Data was not taken at 2 D downstream of the device, but beyond this a similar

picture is drawn to those previously described. A sharp peak in the centreline

immediately downstream of the device gives way to a more dispersed wake further

downstream. Flow acceleration is noted outside of the rotor area. Wake expansion

on the far wall side is non-existent, and is very mild if present at all on the near

wall side. At 13 and 20 D downstream the wake is evident (Figure 5.34), again

displaying a drift towards the near wall. The recovery between 13 D and 20 D is

more pronounced than for the λ = 5 configuration, but this is to be expected as
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Figure 5.32: Hub Height VX comparing wake with unimpeded flume (λ = 5)

the velocity deficit is larger for λ = 3 at these distances downstream.

One further aspect of the wakes of the three different configurations is com-

pared directly, in Figure 5.35. This shows the VX deficit in the centreline of the

channel at hub height. Immediately of note is that the deficit of the lower speed

configuration is larger than that of the higher speed configurations. This is con-

trary to expectations, as it would be reasonable to believe that a faster rotation

would lead to a higher thrust, and thus a larger wake. A possible explanation

for this lies in the unusual blade shape (an inverted propeller). A tip speed ratio

of four was chosen as it was estimated that this would be somewhere close to

the peak thrust coefficient value, and thus a decrease in tip speed ratio would

lead to a decrease in thrust, decreasing the profile of the wake. However, if the

datum tip speed ratio (4) corresponded to a point beyond the maximum thrust

coefficient, any decrease in tip speed ratio would lead to an increased thrust, and

therefore an increased wake deficit profile. This may be the case here, where the
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Figure 5.33: Hub Height VX deficit (λ = 3)

Figure 5.34: Hub Height VX comparing wake with unimpeded flume (λ = 5)
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deficit increases as the tip speed ratio is reduced. As with Section 5.3.1, there

is significant uncertainty within the measurements, and differences between the

points are well within the bounds of error.

Figure 5.35: Hub Height VX deficit in the centreline comparing different λ values

5.5 Conclusions

In this chapter an examination of the flow profile of the flume has been given,

and the wake profile of a monopile turbine has been presented.

When profiling the flume it was clear that the flow within the channel was

non uniform, with the flow being faster towards the far wall. This was thought

to be a function of the flume inlet and pump behaviour, and was not rectifiable.

Furthermore, there was a rotation within the centre of the lower half of the

channel, confirming the swirl imparted by the pump. With respect to height,

the flow obeyed approximately a 1/9th power law. A small head increase was

found over a 12 m length of the flume, and a corresponding velocity decrease,

due to the fluid viscosity. Results were found to be non identical over different

measurement sessions. This was dealt with by taking unimpeded flume readings

each session to serve as the datum against which the VX wake measurements

would be normalised.
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Table 5.4: Deficits and turbulence intensity at selected distances downstream in
the centreline and nearside blade tip line

Measurement Location
λ = 3 λ = 4 λ = 5

Vel Def I Vel Def I Vel Def I

In Centreline

2D (N/A) (N/A) 0.26 0.14 0.23 0.11
4D 0.21 0.10 0.18 0.09 0.17 0.07
8D 0.14 0.08 0.13 0.07 0.09 0.06
13D 0.12 0.06 0.09 0.06 0.08 0.06
20D 0.07 0.05 0.07 0.05 0.06 0.05

At Blade Tip

2D (N/A) (N/A) 0.03 0.07 0.01 0.06
4D 0.05 0.08 0.05 0.08 0.02 0.07
8D 0.08 0.07 0.06 0.07 0.02 0.06
13D 0.04 0.07 0.07 0.07 0.03 0.06
20D 0.04 0.05 0.02 0.05 0.05 0.05

At 2 D downstream the wake of the structure was greatest at the base of the

device, as a result of the anchor used. However, this area appeared to have com-

pletely recovered by 4 D downstream. The wake of the pile had more longevity,

and was visible up to 6 D downstream. There was minimal wake detected behind

the nacelle.

The velocity deficit in the wake of the device operating at λ = 4 reached 0.26

directly behind the device, compared to 0.065 velocity deficit behind the structure

alone.

A table of the deficits and turbulence intensity in the wakes of the three

configurations tested is shown in Table 5.4. Selected distances downstream are

presented to show the near and far wakes. Results are shown for both the centre-

line and the nearside blade tip line (as per Figure 5.19). Note that no data was

recorded at 2 D downstream for the λ = 3 configuration.

The deficit showed almost continuous recovery in the centreline from 2 – 25

D downstream, with faster recovery near the device, and slower recovery further

downstream. This was a strong indication that the wake was still present, albeit

greatly reduced, at distances far downstream. This was not visible in the turbu-

lence intensity results, due to the sampling frequency of the measurement device.
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It was visible in the velocity data, for all configurations tested, as far as tested

(20 to 25 D). This is significant because, were it to be replicated at full scale, it

could strongly influence the placement of turbines within arrays. It was observed

that the wake due to the rotor recovered more slowly than the wake due to the

structure. The largest deficits were found to be in the rotor centreline. Swirl

of the rotor was seen in 2 dimensional vector plots at 4 D, but was not seen at

10 D downstream. Velocity deficit has recovered to < 0.1 by 13 D downstream,

which is comparable with results found in literature (e.g. Stallard et al. (2013)

and Chen et al. (2017)).

The results in Section 5.4 show the faster rotor speed resulted in a weaker

wake. This was most likely due to the use of an inverted propeller as opposed

to profiled aerofoil blades. In the following chapter the experimental device was

fitted with shaped rotor blades of an S814 profile. However, the results for λ = 5

and λ = 3 served as confirmation of the approximate profile of wake recovery,

with the wake remaining detectable far downstream.

The results presented contain a significant uncertainty due to the measure-

ment of velocity with turbulent fluctuations and the variation of flume behaviour

over different measurement sessions. Chapter 6 reports experiments where each

configuration is measured within a single measurement session, reducing the error.
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Chapter 6

Wire Hung Results

This chapter displays the results of the second experiment outlined in Chapter

4. Once again the unimpeded flume is presented, and the working section dis-

cussed. A base case configuration is then presented, followed by some variations

in blade pitch angle and blade number. Finally a contra rotating configuration

is presented, also with variations in blade pitch angle.

6.1 Flume Channel Results (No Device)

As the device was free spinning, without brakes or controls applied, the rotational

speed was a dependant variable. Table 6.1 shows rotational speed with respect

to blade pitch angle. It was expected that the blade rotation would follow a

predictable pattern, with an increase in pitch resulting in a decrease in rotational

speed.

For most configurations this was the case, but in two instances the rotational

speed of the blades remains broadly the same despite an increase in pitch.

• 2 blade rotor from 4◦ to 6◦

• 2 blade rotor on the contra rotating device from 0◦ to 2◦

127



Table 6.1: Blade rotational speeds for different configurations and pitch angles

0◦ Pitch 2◦ Pitch 4◦ Pitch 6◦ Pitch
2 Blade RPM 124 116 56 56
3 Blade RPM 116 72 58 28
Contra-Rotating 2 Blade RPM 100 104 38 56
Contra-Rotating 3 Blade RPM 103 90 84 60

And in one further instance the rotational speed of the blades increases despite

an increase in pitch.

• 2 blade rotor on the contra rotating device from 4◦ to 6◦

These all occur with the two blade rotor, two of which occur downstream of

the contra rotating device, and two of which occur on the change from 4◦ to 6◦.

Reasons for this are unclear.

Whilst there may be small imperfections in the blades and the resistance of the

hub may vary in different measurement sessions (as discussed in Section4.7.2), it

is reasonable to assume that these changes will be small to negligible. Blades were

manufactured to the same standard, and any with visual defects were discarded.

Two hubs were used throughout, both manufactured to the same standard and

kept in good condition.

Table 6.1 shows that the additional blade in the three blade configuration

leads to a reduction in rotational speed, caused by the increased drag of the

extra blade. However, this extra blade delivers additional thrust (as can be seen

in Table 6.2). It can also be noted that the rotational speeds for the two and

three blade rotors in the contra rotating configuration do not always match with

the individual rotor speeds.

6.1.1 Flume Consistency Over Area

As has been previously mentioned, there is an asymmetry within the flume, with

the near wall flow being roughly 12 % slower than the far wall flow. At 2 D
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downstream of the proposed rotor position there is a velocity drop of between

6–9 % across the rotor area, which will have some affect on the rotation of the

device and the wake produced. With regards to the consistency of the velocity as

it travels downstream, the average velocity of all points taken at 2 D downstream

was compared with that at 25 D downstream. It was found this varied by less

than 0.7 % for three out of four of the cases, with the fourth varying by 3.6%

(Session D measurements).

6.1.2 Flume Profiles

Flume profiles are shown in Figures 6.1 to 6.4, over multiple measurement ses-

sions. Differences in measurement sessions has been discussed in Section 4.7.3.

In Figure 6.1 the profiles show a higher velocity at the far wall compared to

the near wall, as discussed in Section 5.1.

Y and Z direction velocities were also compared (Figures 6.2a to 6.3d). Across

all distances downstream the VY was negative, thus there was a flow from the

near wall to the far wall. This was to be expected as the VX difference between

the near and far walls would, by extension, be a pressure difference, facilitating

cross stream flow. It should be noted that there is no evidence of the cross

flow mitigating the VX difference (i.e. the pressure balancing) with distance

downstream. The magnitude of the VY was between –1 to –2.5 cm/s, and varied

in a manner not proportional to the VX .

The average VZ was always small and could be roughly described as −1.8 <

VZ < 0.6 cm/s. A negative velocity signifies a flow downwards, towards the

bottom of the channel. It can be seen that for all tests at all distances downstream

there was consistent variation across the channel. Profiles are dominated by

positive VZ on the near wall side of the channel (roughly 20 – 50 cm), and negative

on the far wall side. This corresponds to the variation in VX over the same

distance.
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(a) VX from Measurement Session A (b) VX from Measurement Session B

(c) VX from Measurement Session C (d) VX from Measurement Session D

Figure 6.1: Unimpeded flume VX over different measurement sessions
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(a) VY from Measurement Session A (b) VY from Measurement Session B

(c) VY from Measurement Session C (d) VY from Measurement Session D

Figure 6.2: Unimpeded flume VY over different measurement sessions
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(a) VZ from Measurement Session A (b) VZ from Measurement Session B

(c) VZ from Measurement Session C (d) VZ from Measurement Session D

Figure 6.3: Unimpeded flume VZ over different measurement sessions
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(a) I from Measurement Session A (b) I from Measurement Session B

(c) I from Measurement Session C (d) I from Measurement Session D

Figure 6.4: Unimpeded flume I over different measurement sessions
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The turbulence intensities are plotted in Figures 6.4a to 6.4d. Turbulence

intensity is stated as a decimal, where 1 is equivalent to 100 %. A turbulence

intensity of around 5 % can be observed. However, the averaged turbulence inten-

sity across the channel can be seen to be decreasing with distance downstream.

Within the working section, over the course of 20 D the turbulence intensity

decreases by approximately 1 percentage point. This is likely due to the mesh

filter applied far upstream of the working section, which will generate small scale

turbulence. It should be noted that the whilst the turbulence drops with distance

downstream, VX does not.

6.1.2.1 Conclusion

The variation within the flume and over different measurement sessions was sig-

nificant enough to merit close monitoring, and to require detailed unimpeded

flume data for each measurement session to act as a datum. As discussed in

Section 4.7 the primary method of comparison is made by using wake results nor-

malised against the datum supplied from the relevant measurement session. Mea-

surements not normalised against a datum (Y and Z velocities, and turbulence

intensity) must also be compared with the unimpeded flume measurement from

the corresponding measurement session. In particular the turbulence intensity

must be treated with caution as in the unimpeded flume it decays over distance,

due to the upstream mesh filter. Where results are compared across measure-

ment sessions without normalising, this will be noted. There is an opportunity to

verify (or otherwise) results produced here using a flume with consistency across

its profile and across measurement sessions.

6.1.3 Thrust Coefficient

As mentioned in Chapter 3 the coefficient of thrust, CT , is a performance defining

characteristic which is often used for scaling purposes. CT can be calculated in
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Table 6.2: Coefficients of thrust for different configurations

Configuration VW (cm/s) V∞ (cm/s) CT Thrust (N)

2 Blade 0◦ 22.24 38.76 0.67 3.6
2 Blade 2◦ 21.79 38.76 0.68 3.6
2 Blade 4◦ 29.44 39.01 0.43 2.3
2 Blade 6◦ 32.23 38.42 0.30 1.5

3 Bladee 0◦ 15.47 38.79 0.84 4.5
3 Blade 2◦ 19.65 38.79 0.74 4.0
3 Blade 4◦ 25.19 38.79 0.58 3.1
3 Blade 6◦ 27.23 36.98 0.46 2.2

2 and 3 Blade Contra 0◦ 10.47 39.25 0.93 5.1
2 and 3 Blade Contra 2◦ 7.27 38.92 0.97 5.2
2 and 3 Blade Contra 4◦ 13.60 38.92 0.88 4.7
2 and 3 Blade Contra 6◦ 27.31 37.73 0.48 2.4

multiple ways, depending on available data. CT was approximated using the

measured velocity data. Equations 2.13 and 2.10 were used to calculate CT and

the thrust loadings. The wake velocity was taken to be the velocity at 2 D

downstream of the device in the axial line of the rotor; the upstream velocity was

closely approximated by taking the velocity at the same point in the unimpeded

flume. Thus the values were calculated and are shown in Table 6.2.

It should be noted that the thrust measurements presented here are likely to

be an underestimation; as they are taken from velocity readings 2 D downstream

of the device there is likely to be some wake recovery within that distance which

is not accounted for here. However, thrust values here do provide an accurate

reflection of the relative difference beween configurations, and thus provide a basis

for comparison.

From here it can be seen that the thrust levels experienced by the device

ranged from 1.5 N for two blades at 6◦ pitch, to 5.2 N for contra rotating at

2◦ pitch. The thrust was greater for higher than for lower numbers of blades

(two blades < three blades < contra rotating blades). The thrust decreased

as the pitch was increased, with two exceptions (two blade 0 to 2◦ pitch and

contra rotating 0 to 2◦ pitch). The CT ranged from 0.30 to 0.97. As previously
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mentioned, Ainslie (1988) ascertained that an increased CT results in an increased

wake deficit. However, given that in this case the velocity measurements were

used to calculated the CT , any application of this principle is tautological, and

amounts to nothing more than stating that a larger velocity deficit immediately

behind the device will lead to a larger velocity deficit further downstream, all

other things being equal.

6.1.4 Power Generation

It is apparent here that an increase in blade number results in an increase in

thrust loading, which would signify an increase in power capture. Operational

devices are faced with the engineering trade off between extra energy generation

and cost of blade manufacture. In this experimental work the thrust generated by

the contra rotating blade configuration was greater than that of the three blade

configuration, which in turn was greater than the two blade configuration. How-

ever, the thrust generated by the contra rotating configuration was considerably

less than the sum of the two component configurations, as shown in Table 6.2,

indicating that the two sets of rotors in the contra rotating configuration have

some influence over each other.

6.1.5 Tip Speed Ratio

The tip speed ratios for each configuration are shown in Table 4.2 and are repeated

here in Table 6.3.

6.1.6 Points of Note

• The rotational speed of the devices decreased as pitch increased (with some

exceptions, see Table 6.1).

• The flume velocity variation upstream / downstream was acceptable (Sec-
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Table 6.3: λ for different configurations

Configuration Pitch Angle λ

2 Blade 0◦ 5
2 Blade 2◦ 4.7
2 Blade 4◦ 2.3
2 Blade 6◦ 2.3

3 Blade 0◦ 4.7
3 Blade 2◦ 2.9
3 Blade 4◦ 2.3
3 Blade 6◦ 1.2

Contra 2 Blade 0◦ 4
Contra 2 Blade 2◦ 4.2
Contra 2 Blade 4◦ 1.5
Contra 2 Blade 6◦ 2.3
Contra 3 Blade 0◦ 4.1
Contra 3 Blade 2◦ 3.6
Contra 3 Blade 4◦ 3.4
Contra 3 Blade 6◦ 2.5

tion 6.1.1).

• The flume velocity variation across different measurement sessions was ac-

ceptable, with measurement sessions gaving close results. Velocity deficit

normalisation would allow for comparison across all sessions (Section 6.1.2).

• The turbulence intensity decreased with distance downstream in the unim-

peded flume (Figures 6.4a to 6.4d).

• The thrust generated by the contra rotating device was significantly less

than the sum of the thrusts of the two single rotor configurations (Table

6.2).
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6.2 Base Case Discussion (2 Blades)

6.2.1 VX Profile

The first set of experiments to be discussed is the 2 blade configuration. Velocity

deficit is stated as a decimal, where 1 is equivalent to 100 %. The velocity deficits

at 0◦ pitch are shown in Figure 6.5a. A large and rapid recovery can be seen from

2 D to 8 D, where the deficit drops from 0.46 to 0.17. This is followed by a

much slower recovery beyond 8 D. From Figure 6.5a it appears that the wake

has returned to freestream velocity by 25 D downstream at 0◦ pitch, and perhaps

upstream of here (however turbulence measurements suggest that this may not

be the case). By 16 D downstream there is no point with a deficit exceeding 0.1,

although the wake continues to recover beyond this distance. On either side of

the device an acceleration in the flow is observed (shown as negative deficit), as

some fluid is forced around the device. These accelerations peak at around a 0.1

increase in flow velocity, and decrease with distance downstream. However, this

negative deficit remains for a significant portion of the downstream measurement

area; well into the far wake at 12 D downstream. The change in deficit outwith the

rotor area is small, though it is clear that the velocity is tending to freestream.

Any wake expansion occurring does not appear to be significant enough to be

registered within the measurement grid.

6.2.2 Peak Velocity Comparisons

For each configuration and at each distance downstream the highest velocity

deficit was taken. These peaks mainly occurred in the centre of the rotor area,

but not exclusively; due to wake movement the peak was sometimes found one

measurement point away from the centre. These peaks (Figure 6.6) give a further

picture of the wake recovery. As is shown, the 0◦ and 2◦ pitch configurations have

very similar wake recoveries, within the error bounds for all distances downstream.
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(a) VX for the Base Case of 2 Blades at 0◦

pitch (λ = 5)
(b) VX for the Case of 2 Blades at 2◦ pitch
(λ = 4.7)

(c) VX for the Case of 2 Blades at 4◦ pitch
(λ = 2.3)

(d) VX for the Case of 2 Blades at 6◦ pitch
(λ = 2.3)

Figure 6.5: VX for the Case of 2 Blades at different pitches
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Figure 6.6: Peaks of VX for all 2 Blade Cases

If recovery is arbitrarily defined as the wake deficit not exceeding 0.1 at any

measurement point, then the wake reaches this condition somewhere between 12

to 16 D for 0◦ and 2◦ pitch, and between 8 to 12 D for 4◦ and 6◦ pitch. Recovery

does continue beyond this, but the gradient at which it occurs is shallow. The

velocity will never fully return to free stream as energy has been extracted from

the flow. Uncertainty bars are calculated for each point individually and show

the effect of the turbulent velocity fluctuations. Uncertainty is less for the wire

hung measurements than for the pile mounted measurements as for the former

each configuration is measured within a single measurement session.

Figures 6.5b, 6.5c and 6.5d show the velocity deficit for 2◦, 4◦ and 6◦ pitch.

Unsurprisingly, an increase in pitch (leading to a decrease in λ) generally results

in a smaller wake impact. However, it can be seen that the peak deficit for the 2◦

pitch configuration marginally exceeds that of the 0◦ pitch configuration, and at

all distances downstream the wake recovery is similar for 0◦ and 2◦ pitch. This

indicates that at 0◦ pitch the rotor is slightly over-speeding, and the maximum

coefficient of performance (CP ) will be found somewhere between 0◦ and 2◦ pitch.

For the lower values of λ the peak velocity deficit behind the rotor is reduced,

and less downstream distance is required for the deficit to fall beneath 0.1. Fur-

thermore, the velocity increase on either side of the rotor is also reduced, and is
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not detected at all at 6◦ pitch.

6.2.3 Turbulence Profile

Turbulence intensity is a measure of the fluctuations about the mean of a flow,

and is often used as a measure of turbulent activity. Figure 6.7a plots the tur-

bulence profiles for the two blade configurations (results are taken over different

measurement sessions). Unlike the velocity deficit, these data are not normalised,

so flume characteristics are still present. At 2 D downstream of the device at 0◦

pitch the turbulence peaks at 13.8 % before seemingly dropping to ambient levels

of ≈ 4–5 % further downstream. Here the wake recovers faster towards the near

wall, which could be an indication of wake drift towards the far wall.

Comparing Figures 6.5a and 6.7a, it would appear that the turbulence has

returned to ambient conditions before the velocity deficit has. However it may be

that some remnant can be observed, as the average of the turbulence across the

flume was taken at 25 D downstream, and was found to be higher than the cor-

responding value for the unimpeded flume. This difference was repeatedly found

for other configurations at this distance downstream. However, the difference

was small (4.6 % versus 4.1 %), and within the margin for error due to sampling.

Further experimental work, using a higher sample size, could confirm or refute

this effect.

The turbulence intensity should be used cautiously as an indicator of wake

recovery in this experimental process. As mentioned previously, turbulence decays

when large low frequency eddies pass energy into smaller, higher frequency eddies,

which in turn pass on energy to eddies smaller still. The ability to detect these

eddies is dependent on the sampling frequency of the data capture device. In this

case, the Nortek Acoustic Doppler Velocimeter sampled at 25 Hz, giving a Nyquist

frequency of 12.5 Hz (Luke, 1999). Any energy contained in eddies broken down

into frequencies higher than this was not detected, making it likely that certain
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(a) I for the Base Case of 2 Blades at 0◦ pitch
(λ = 5)

(b) I for the Case of 2 Blades at 2◦ pitch (λ =
4.7)

(c) I for the Case of 2 Blades at 4◦ pitch (λ =
2.3)

(d) I for the Case of 2 Blades at 6◦ pitch (λ =
2.3)

Figure 6.7: I for the Case of 2 Blades at different pitches
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aspects of the turbulence within the wake are not shown. A further point to note

is that the areas on either side of the device show no sign of increased or decreased

turbulence, despite the velocity increase noted above. From Equation 5.2, for a

flow where the mean velocity is increased, and the turbulence intensity remains

constant, the RMS velocity fluctuations must also increase proportionally.

Like the velocity deficit, the 2◦ pitch configuration has a peak turbulence value

marginally greater than that of 0◦ pitch, whilst the 4◦ and 6◦ pitch configuration

peaks decrease (Figures 6.7b to 6.7d, results taken over different measurement

sessions). As with the base case, ambient turbulence of ≈ 4–5 % appears to be

reached at 16 D downstream for the 2◦ and 4◦ pitch configurations, and 8 D for

the 6◦ pitch configuration. However, for the 2◦ pitch configuration the average

turbulence across the flume at 25 D downstream exceeds the same average in

the unimpeded flume. This may demonstrate the persistance of the wake effect,

however, it is within the margin of error due to sample size. As mentioned in Sec-

tion 4.4.5 the turbulence measured is dependent on the measurement equipment

sampling frequency.

6.2.4 VY and VZ Profile

Profiles were also plotted for Y and Z direction velocities, in Figures 6.8 and 6.10

respectively (results are taken over different measurement sessions). These pro-

files are less informative than the X directional profiles, but are useful nonetheless.

There is little distinguishable coherent shape in the VY profiles (Figure 6.8a) at

any distance downstream. Measurements were taken along the channel horizon-

tally at hub height, where the blades rotatation resulted in very little horizontal

flow displacement. Figure 6.9a shows a slight imprint of the wake at 2 D down-

stream, where the VY magnitude has increased over the rotor area, this is also

visible at 4 D downstream. In both the unimpeded flume case and the base case,

VY is always negative, and remains consistent across the channel.
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(a) VY for the Base Case of 2 Blades at 0◦

pitch (λ = 5)
(b) VY for the Case of 2 Blades at 2◦ pitch
(λ = 4.7)

(c) VY for the Case of 2 Blades at 4◦ pitch
(λ = 2.3)

(d) VY for the Case of 2 Blades at 6◦ pitch
(λ = 2.3)

Figure 6.8: VY for the Case of 2 Blades
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(a) VY for all 2 blade configurations at 2 D
downstream

(b) VY for all 2 blade configurations at 4 D
downstream

Figure 6.9: VY for 2 blade cases in the near wake

At distances further downstream, coherent patterns within the VY profiles

remain elusive, but an imprint of the wake can be seen in the near wake when

compared with the empty flume (Figures 6.8b to 6.8d compared with 6.3) (re-

sults are taken over different measurement sessions). This is shown more clearly

in Figure 6.9. The velocity range also remains consistent throughout the different

configurations. It will be noticed that a velocity spike is apparent at 2 D down-

stream of the device in the 4◦ pitch configuration. As this spike incorporates three

separate measurement points it is unlikely to be caused by instrument error, and

likely to be a physical flow feature. Given that it is not replicated in any other

pitch setting (or blade configuration) it will be treated as an anomaly. It may

have been caused by some form of detritus in the flume attaching itself to the

turbine, however this is speculative and the origin of the anomaly is unknown.

The profiles in the Z direction (Figure 6.10a), however, provide evidence of

rotation within the near wake. An inverted ‘S’ shape can be seen in the profiles
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closest to the device. This demonstrates the direction of rotation, as the helical

structure of the near wake is formed. The flow acts on the blades, which impart

an equal and opposite force on the flow, causing it to rotate. As the measurements

were taken horizontally across the centre of the rotor the flow is forced upwards

on one side and downwards on the other, as displayed. The velocities displayed

are average values, whilst the helix of the near wake is dependent on the rotation

of the blades.

If a single point immediately behind a rotor is considered, it will ‘see’ the

wake of this rotor as each blade passes by (if pressure effects are ignored). The

VZ at that point will not be continuously affected by the wake, but will return to

something like freestream conditions after the blade has passed by. A time average

of this will give a low result for the VZ , as it is tempered by the time where the

blade is not passing. If this point is then moved further downstream there will

be a time offset between the blade passing the point and the wake reaching the

point, but the measurement will still see the wake of the blade at the same angle

of rotation (in this case horizontal). As this is only visible at 2, 4 and faintly at

8 D downstream, it is reasonable to assume it is a feature of the near wake, and

beyond this the wake structure is broken down and becomes non directional. An

actuator disc does not impart rotation to the wake, and these results go some way

to justifying the use of an actuator disc as a substitute for a rotational device when

considering the far wake, assuming the near wake breakdown does not significantly

alter the far wake. However, these results suggest that the rotational part of the

wake (i.e. the near wake) may extend for further than is often suggested, as there

is still evidence of rotation at 8 D downstream.

The size of this ‘S’ shaped signal could be increased if the measurement fre-

quency was synchronised with the blade rotation (as in Ebert and Wood (1997),

Ebert and Wood (1999) and Ebert and Wood (2001)), eliminating the freestream

periods from the average results. This might also have the effect of increasing
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(a) VZ for the Base Case of 2 Blades at 0◦

pitch (λ = 5)
(b) VZ for the Case of 2 Blades at 2◦ pitch
(λ = 4.7)

(c) VZ for the Case of 2 Blades at 4◦ pitch
(λ = 2.3)

(d) VZ for the Case of 2 Blades at 6◦ pitch
(λ = 2.3)

Figure 6.10: VZ for the Case of 2 Blades
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the distance downstream at which the rotational effect can be seen, and further

increase the length of the observed near wake.

The ‘S’ shaped impact of the rotor in the near wake seen in Figure 6.10a is also

seen in Figures 6.10b to 6.10d. As would be expected, the larger λ configurations

show a more significant effect. In Figure 6.10b there is some slight remnant of this

signal at 8 D downstream, but it has mostly faded by this point. Downstream of

this the VZ profiles are near indistinguishable from the unimpeded flume profiles.

This highlights the fact that the main velocity component of the wake is a deficit

in the X direction. However, given that these measurements are time averaged,

it may be that instantaneous measurements time synchronised with the blade

rotation would reveal VZ structure further downstream.

An increase in the region of swirl expected (i.e. the near wake) has the po-

tential to increase environmental concerns, as it may increase seabed scouring,

bathymetry changes or other ecological changes at a given location.

6.2.5 Points of Note

• The base case maximum velocity deficit measured was 0.46, occuring 2 D

downstream of the device (Figure 6.5a).

• The wake recovers to less than 0.1 deficit by 16 D downstream (Figure 6.5a).

• Maximum CP will likely be found somewhere between 0◦ and 2◦ pitch, that

is λ = 5 and λ = 4.7 (Section 6.2.2).

• The lower tip speed ratios (i.e. λ = 2.3) have wakes that are smaller

immediately behind the rotor, and recover to 0.1 more quickly. There is

also less wake acceleration around the rotor (Figure 6.5).

• For 0◦ and 2◦ pitch the wake deficit reaches 0.1 between 12-16 D (Figures

6.5a and 6.5b).
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• For 4◦ and 6◦ pitch the wake deficit reaches 0.1 between 8-12 D (Figures

6.5c and 6.5d).

• There is further recovery beyond this, but it is gradual.

• Averaged turbulence measurements may give some indication of a continued

wake at 25 D downstream, however this is small and not confirmed by

turbulence profiles (Section 6.2.3).

• Ambient turbulence appears to be reached by 16 D downstream for the

2◦ pitch, but further examination shows it has not returned to freestream

conditions Figure 6.7b).

• The average turbulence across the flume at 25 D is greater behind the rotor

than in the unimpeded flume – thus there is evidence of the wake at 25 D

downstream (Section 6.2.3).

• Fluid is accelerated by up to 10 %, around the device (Section 6.2.1).

• No wake expansion is observed (Section 6.2.1).

• A small imprint of the wake is noted in the VY profile near wake (Figure

6.8).

• An ‘S’ shape is visible in the VZ profile graphs, which demonstrates the

rotation of the near wake (Figure 6.10).

• This ‘S’ shape would be much bigger and might extend further downstream

if measurements were time sychronised with the blade passing (Section

6.2.4).

• That the ‘S’ shape is not visible beyond 8 D indicates that actuator discs

are an acceptable approximation for the far wake (Section 6.2.4).
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• However, the near wake may extend up to 8 D downstream, further than

suggested in some literature (Section 6.2.4).

• The ‘S’ shapes are also related to λ – a higher λ gives a more significant ‘S’

shape (Figure 6.10).

• The main impact of the rotor on the velocity of the flow is a deficit in VX ,

which is more significant than any impact in VY or VZ (Section 6.2.4).

6.3 Extra Blade Comparison – 3 Blades

The addition of an extra blade does not necessarily facilitate direct comparison

with the previous configuration. The additional blade will increase both lift and

drag of the rotor, altering the thrust coefficient. The altered rotational speeds can

be seen in Table 6.3, and the altered thrust coefficients in Table 6.2. Nevertheless

the comparison of the wake of a two and three blade device is of interest. Fur-

thermore it will allow discussion on the assumption of superimposition of wakes

when examining the contra rotating configuration.

6.3.1 VX Profiles

The velocity deficit profiles of the 3 blade configuration are shown in Figures 6.11a

to 6.11d. They broadly conform to a similar pattern of recovery as those looked

at previously: a large recovery between 2–8 D followed by a more gentle recovery,

flow acceleration on either side of the device, and no sign of wake expansion.

However, some clear differences can be highlighted. The magnitude of the deficit

is greater in the three blade configuration for all pitches, peaking at 0.6 for 0◦

pitch. The wake deficit still exceeds 0.1 at 20 D downstream for 0◦ pitch, and is

discernible for 2◦ pitch as well. The deficit of the 0◦ pitch is greater than that

of the 2◦ pitch. Finally, certain low deficit outliers are obvious at points closest
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to both the near and far walls, and are particularly evident close to the near

wall during the 4◦ pitch configuration. The two points closest to the far wall at

0◦, 2◦ and 4◦ pitch for 8 and 12 D downstream are also irregular, and should be

compared to the corresponding unimpeded flume graph (Figure 6.1), which shows

similar outliers in the datum tests, indicating the far wall VX deficit outliers are

a result of the data against which they were normalised.

6.3.2 Peak Velocity Comparisons

Again the peak velocity deficits at each distance downstream were plotted against

each other (Figure 6.12). As mentioned, the three blade configurations have a

larger wake velocity deficit than the two blade configurations for all pitches. From

16 – 25 D downstream there is very little change in the peak velocity deficits of

the 0◦ pitch configuration; it remains around 0.1. This may indicate that the flow

behind the rotor is fully mixed, and the deficit will decrease by only negligible

amounts from here on. However, this would suggest that the device had removed

approximately 19 % of the kinetic energy in the flume, through energy capture

and turbulence generation.

Whilst the device may have caused an energy reduction of this magnitude, a

further possibility is that the flume was not fully mixed, and the 0.1 deficit was

specific to the rotor area. This is borne out in Figure 6.11a, where even at 25 D

downstream a peak exists in the rotor area. At this point mixing was occurring

very slowly, with a reduction in peaks of 0.005 between 20 – 25 D downstream.

It is reasonable to assume that beyond this the mixing of the full flume cross

section would continue to occur very slowly, resulting in evidence of the wake far

beyond 25 D downstream.
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(a) VX for the Case of 3 Blades at 0◦ pitch
(λ = 4.7)

(b) VX for the Case of 3 Blades at 2◦ pitch
(λ = 2.9)

(c) VX for the Case of 3 Blades at 4◦ pitch
(λ = 2.3)

(d) VX for the Case of 3 Blades at 6◦ pitch
(λ = 1.2)

Figure 6.11: VX for the Case of 3 Blades at different pitches

152



Figure 6.12: Peaks of VX for all 3 Blade Cases

6.3.3 Turbulence Profile

In the three blade configuration the turbulence in the wake was found to be

greater than for the two blade configuration (Figures 6.13a to 6.13d, results taken

over different measurement sessions), peaking at 23 % for 0◦ pitch. At 2◦ and

4◦ pitch the peak turbulence was greater for three blades (5 % and 3 % greater

respectively). However, at 6◦ pitch the peak turbulence is only half a percentage

point greater for three blades than two.

By 16 D the 0◦ pitch turbulence has dissipated enough to avoid detection

at 25 Hz sampling, and between 16 – 20 D the standard deviation across the

channel was very similar to that of the unimpeded flume. However, the average

turbulence across the flume at 25 D was higher for the three blade configuration

than the unimpeded flume or the two blade configuration. The average turbulence

at 25 D downstream was also higher than the unimpeded flume for 2◦ pitch, and

surprisingly, for 4◦ pitch. This suggests that even at 25 D downstream, for a 4◦

pitch configuration, an imprint of the wake is still present in the flume, changing

the characteristics of the flow. The average turbulence at 25 D downstream was

higher for 0◦ pitch than for 2◦ pitch, and for 2◦ pitch than for 4◦ pitch.
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(a) I for the Case of 3 Blades at 0◦ pitch (λ =
4.7)

(b) I for the Case of 3 Blades at 2◦ pitch (λ =
2.9)

(c) I for the Case of 3 Blades at 4◦ pitch (λ =
2.3)

(d) I for the Case of 3 Blades at 6◦ pitch (λ =
1.2)

Figure 6.13: I for the Case of 3 Blades at different pitches
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6.3.4 VY and VZ Profiles

As with the two bladed configurations, no pattern is discernible in the VY pro-

files (shown in Figures 6.14a to 6.14d, results taken over different measurement

sessions). A range of 2 – 3 cm/s is in the same order as the previous config-

urations, but the velocities are approximately 0.5 cm/s higher (i.e. closer to 0

cm/s), which is within the bounds of variation within the flume setup. This is

comparable to the corresponding unimpeded flume tests which show the same

range around the same velocity, although the unimpeded flume profiles show an

increase in VY magnitude close to the far wall, which has been negated by the

presence of the device. At 2 D downstream for 0◦, 2◦ and 4◦ pitch, VY increases

at the rotor area, a change not seen in the two blade configurations.

In the Z direction the profiles in Figures 6.15a to 6.15d show the impact of the

blades on the near wake. These ‘S’ shapes are in the reverse direction to those of

the two blade configurations, as the blades rotated in the opposite direction. At

0◦ and 2◦ pitch the strong Z directional spikes seen at 2 D downstream are small

by 4 D downstream and not visible at 8 D downstream.

6.3.5 Points of Note

• The wake profiles of the three blade device are similar to the two blade

device, but the wake magnitude is greater for three blade (Section 6.3.1).

• The peak deficit is 0.6, immediately downstream of the 0◦ pitch device

(Figure 6.11a).

• There is little recovery between 16–25 D downstream of the 0◦ pitch con-

figuration; it remains around 0.1 (Figure 6.11a).

• The wake is not fully mixed at 25 D downstream, as there is still a peak

deficit for the wake (Section 6.3.3).
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(a) VY for the Case of 3 Blades at 0◦ pitch
(λ = 4.7)

(b) VY for the Case of 3 Blades at 2◦ pitch
(λ = 2.9)

(c) VY for the Case of 3 Blades at 4◦ pitch
(λ = 2.3)

(d) VY for the Case of 3 Blades at 6◦ pitch
(λ = 1.2)

Figure 6.14: VY for the Case of 3 Blades at different pitches
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(a) VZ for the Case of 3 Blades at 0◦ pitch
(λ = 4.7)

(b) VZ for the Case of 3 Blades at 2◦ pitch
(λ = 2.9)

(c) VZ for the Case of 3 Blades at 4◦ pitch
(λ = 2.3)

(d) VZ for the Case of 3 Blades at 6◦ pitch
(λ = 1.2)

Figure 6.15: VZ for the Case of 3 Blades at different pitches
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• It can be assumed that mixing will be slow further downstream, and there

will still be evidence of the wake beyond 25 D (Section 6.3.2).

• Turbulence for the three blade device was greater than for the two blade

(Figures 6.13a and 6.7a).

• Although there is no visible wake in the turbulence profile, the average tur-

bulence across the channel at 25 D is greater for 0◦ pitch than 2◦ pitch, and

2◦ pitch than 4◦ pitch, and 4◦ pitch than the unimpeded flume. Thus there

is still device generated turbulence at 25 D downstream (Section 6.3.3).

• An increase in VY is noted immediately downstream of the device, a change

not seen in the 2 blade configuration (Section 6.3.4).

• Rotation in the wake is noted at 8 D downstream for the 4◦ pitch case

(though not for the 0◦ pitch or 2◦ pitch cases, see Section 6.3.4).

6.4 Contra Rotating Comparison

An ideal contra rotating device will produce a wake with no rotational component

in the velocity (Hansen, 2008). Furthermore, the energy generated will be more

than that of a single rotor device, there will be no requirement for a rigid support

structure due to torque balance, and the design may not require a gear box.

However, it is unclear whether the wake of a contra rotating tidal device will

extend further downstream than the wake of a single rotor device, and to what

extent the deficit is increased.

6.4.1 VX Profiles

Velocity deficits for the contra rotating configurations are shown in Figures 6.16a

to 6.16d. The wake deficit magnitude is higher than that of the other two con-

figurations, with a peak deficit of 0.75 at 0◦ pitch. However, in all pitch settings
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the wake appears to have dissipated or be very small by 25 D. This is in contrast

to the 3 blade configuration results. As with the two blade configuration, the 2◦

pitch configuration has a higher deficit than the 0◦ configuration.

6.4.2 Peak Velocity Comparisons

Peak deficits are shown in Figure 6.17. Of all tests conducted the contra rotat-

ing configurations produce the largest velocity deficits, reaching 0.81. At 8 D

downstream there is very little difference between the three lower pitch settings,

which remain close further downstream. Though initially very high the deficits

reduce quickly and by 25 D are small. At 0◦ and 2◦ pitch the deficit recovers to

0.1 between 16 – 20 D downstream, whilst for 4◦ pitch this occurs between 20 –

25 D. Unlike the three blade configurations, meaningful deficit reduction occurs

below a deficit of 0.1 for all pitch settings. This high rate of recovery far down-

stream suggests that there is more mixing within the flume, and it is significant

that this may have been facilitated by the contra rotation of the rotors. The

increased mixing may be due to the lack of coherent structure in the near wake,

the helical vortex sheets which form behind each blade are forced to interact in

a contra rotating device, whereas they are left to break down naturally behind

a single rotor. This is corroborated in Figures 6.16a to 6.16d, where no peak

is noticeable in the rotor area for the profiles far downstream, but rather each

profile shows a reasonably straight line across the flume, indicating the deficit is

roughly uniform.

In Figure 6.18 the peak VX is shown for the contra rotating, 2 blade and 3 blade

configurations at 2◦ pitch. Although the initial wake deficit is significantly higher

for the contra rotating device than the three blade device, by 25 D downstream the

contra rotating wake deficit is lower than that of the 3 blade configuration, though

higher than that of the 2 blade configuration. The higher coefficient of thrust

and initial velocity deficit do not result in a higher velocity deficit downstream.
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(a) VX for the Contra Rotating Case at 0◦

pitch
(b) VX for the Contra Rotating Case at 2◦

pitch

(c) VX for the Contra Rotating Case at 4◦

pitch
(d) VX for the Contra Rotating Case at 6◦

pitch

Figure 6.16: VX for the Contra Rotating Case at different pitches
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Figure 6.17: Peaks of VX deficit for all Contra Rotating Cases

Figure 6.18: Peaks of VX deficit for all Configurations at 2◦ pitch
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6.4.3 Turbulence Profile

The turbulence from the contra rotating configuration shows a peak deficit of

34 % for 2◦ pitch at 2 D downstream (Figures 6.19a to 6.19d, results taken over

different measurement sessions). Whilst this is greater than that of 0◦ pitch, inter-

estingly the turbulence at 4 D downstream is only very slightly larger for 2◦ pitch,

and by 8 D downstream the peak turbulence for 0◦ pitch is greater. For all config-

urations the wake appears to be small by 16 D downstream, and the turbulence

is well mixed across the channel width. As with the previous configurations, the

average turbulence taken across the flume at 25 D downstream is greater than the

corresponding average from the unimpeded flume, which indicates the persisting

effects of a wake.

When the peak turbulence intensities for the contra rotating, three blade

and two blade configurations are plotted with respect to distance downstream, it

becomes clear that the contra rotating configuration produces a more turbulent

wake that the others (Figure 6.20). This increased turbulence is seen up to 25 D

downstream. In the near wake the difference between the contra rotating device

and the other configurations is large, but the recovery is also large and by 8

D downstream the turbulence intensities are similar for all configurations. This

vastly increased turbulence found immediately downstream of the contra rotating

device results in only a small increase in turbulence beyond the near wake.

6.4.4 VY and VZ Profiles

As with previous configurations, the VY profiles display incoherence, within a

consistent range (Figures 6.21a to 6.21d).

Perhaps the most significant result from the contra rotating configuration can

be seen in Figures 6.22a to 6.22d, where the VZ profiles are shown (results are

compared across measurement sessions). Here the ‘S’ shaped spikes caused by

the blade rotation (as seen in the two and three blade configurations) are not so
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(a) I for the Contra Rotating Case at 0◦ pitch (b) I for the Contra Rotating Case at 2◦ pitch

(c) I for the Contra Rotating Case at 4◦ pitch (d) I for the Contra Rotating Case at 6◦ pitch

Figure 6.19: I for the Contra Rotating Case at different pitches

163



Figure 6.20: Peak I for all cases at 2◦ pitch

clearly present. Instead the profiles bear striking resemblance to the unimpeded

flume profiles (Figures 6.3a to 6.3d), as they are gently curved across the flume.

These graphs indicate that contra rotation results in minimal coherent rotational

elements left in the wake. It should be remembered that these measurements are

averages, and the near wake flow is expected to contain considerable fluctuations

in VY and VZ (as seen in the increased turbulence). However, the lack of coher-

ence will result in faster wake breakdown. Absolute torque balance cannot be

guarenteed by the set up, but an approximate torque balance appears likely.

6.4.5 Points of Note

• The immediate velocity deficit is larger for contra rotating than for any

other configuration (Section 6.4.1).

• The wake of a contra rotating device is not the sum of the individual wakes

of the constituent rotors, i.e. superimposition (Section 6.4.2).

• Beyond 16 D downstream the peak contra rotating VX deficit is lower than

the equivalent three blade deficit (Figure 6.18).

• Unlike the three blade configuration, meaningful recovery occurs beyond

0.1 deficit – this may be because of increased mixing caused by the contra
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(a) VY for the Contra Rotating Case at 0◦

pitch
(b) VY for the Contra Rotating Case at 2◦

pitch

(c) VY for the Contra Rotating Case at 4◦

pitch
(d) VY for the Contra Rotating Case at 6◦

pitch

Figure 6.21: VY for the Contra Rotating Case at different pitches
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(a) VZ for the Contra Rotating Case at 0◦

pitch
(b) VZ for the Contra Rotating Case at 2◦

pitch

(c) VZ for the Contra Rotating Case at 4◦

pitch
(d) VZ for the Contra Rotating Case at 6◦

pitch

Figure 6.22: VZ for the Contra Rotating Case at different pitches
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rotating blades (Section 6.4.2).

• The higher thrust coefficient and initial velocity deficit of the contra rotating

configuration does not result in a larger deficit far downstream (Section

6.4.2).

• Thus the wake of the contra rotating configuration recovers more quickly

than those of the other configurations (Figure 6.18).

• As with previous configurations, the average turbulence across the flume at

25 D downstream is higher than the unimpeded flume equivalent. The mag-

nitude of change is comparable to that of the other configurations (Section

6.4.3).

• The peak turbulence is much higher than the other configurations immedi-

ately downstream of the device, but only slightly higher beyond 8 D. This

again shows that the contra rotating wake recovers more quickly than those

of the other configurations (Figure 6.20).

• In the VZ profiles the ‘S’ shaped profile is not visible, indicating that there

is minimal coherent rotation within the wake (Figure 6.22).

• This lack of coherence results in faster wake breakdown (Section 6.4.4).

• The lack of ‘S’ shape suggests that an approximate torque balance is likely

(Section 6.4.4).

6.5 Further Analysis of Contra Rotating Data

6.5.1 Statistical Plots

Given that the wake of a contra rotating device is formed differently to that of a

single rotor device, further comparison of the flow behind the two configurations

167



Table 6.4: Statistical properties for data series’ downstream of 2 blade and contra
rotating device configurations

Parameter Configuration VX (cm/s) VY (cm/s) VZ (cm/s)
Mean 2 Blade 25.01 –2.64 –3.58

Contra Rotating 13.10 –1.14 –0.55
Range 2 Blade 19.18 21.97 16.61

Contra Rotating 20.75 20.51 15.68
Standard Deviation 2 Blade 2.70 2.87 2.73

Contra Rotating 3.17 3.15 2.45
Skew 2 Blade 0.36 –0.15 0.21

Contra Rotating 0.65 –0.03 0.21
Kurtosis 2 Blade 0.65 0.35 –0.09

Contra Rotating 1.04 –0.23 0.35

is of interest. The statistical properties of the flows are examined and compared

in this section. A series of six statistical plots are presented in Figure 6.23. These

plots analyse data taken from a single data series, 2 D downstream of the contra

rotating base case scenario (0◦ pitch). The data series measurement point is taken

at hub height, in the centre line (the 7th data point from the near wall in Figure

6.16a). For comparison, the corresponding point for the 2 blade configuration is

shown in Figure 6.24.

The first plot (Figure 6.23a and Figure 6.24a) gives the data VX time series.

Here the data is in its lowest form; nothing more is shown than the measure-

ments taken from the ADV, and the average across those measurements. If an

obvious trend of increasing or decreasing velocity is present (i.e. the velocity

is not constant over the measurement period), it will be seen in this plot. As

already discovered, the contra rotating data series (Figure 6.23 a) has a lower

mean velocity than the 2 blade data series (Figure 6.24 a). This is due to the

higher thrust coefficient of the contra rotating configuration, and more energy

being extracted from the flow. The respective ranges of fluctuations are statisti-

cally similar, and the standard deviation is slightly larger for the contra rotating

configuration (Table 6.4).

In Figures 6.23 b and 6.24 b a scatter plot is shown, with each point corre-
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Figure 6.23: Statistical plots for VX wake data spot reading 2 D downstream of
the Contra Rotating configuration

169



Figure 6.24: Statistical plots for VX wake data spot reading 2 D downstream of
the 2 Blade configuration
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sponding to two measurements, measurement n and n–1. Plotting one against

the other gives a comparison of the change in VX over a single time step. In an

ideal case, the time step will be small enough to adequately capture all veloc-

ity fluctuations. Therefore, points will deviate very little from the line Y = X

because X(n) ≈ X(n − 1). If the data generally conform to this relationship

any outliers will be easy to spot, and may well be an indication of instrument

or processing error as opposed to a genuine physical change. In the event of the

data being random or sampled in such a way as to miss the underlying trends, a

shotgun scatter would be expected. It should be noted that a single point out-

lier would cause two outliers in the scatter plot. Both data sets can be seen to

conform to X(n) ≈ X(n − 1), indicating limited scope for single measurement

instrumentation error and a suitable sampling frequency. The range and spread

of the data can also be seen.

Figures c and d give an indication of the distribution of the data series.

Figures 6.23 c and 6.24 c present a histogram. A normally distributed series will

provide a bell curve with varying levels of skew and kurtosis. Skewness is the

measure of asymmetry, or tail, in the distribution; a positive skewness statistic

indicates a tail extending in the positive direction. As shown in Table 6.4 both

series’ are positively skewed, but the contra rotating series is more so. Kurtosis is

the measure of peakedness in the distribution, with a positive kurtosis meaning a

sharper peak. Both series’ have positive kurtosis, again the contra rotating series

more so.

The next plot, Figures 6.23 d and 6.24 d gives a probability plot for a nor-

mal distribution. The velocity data are plotted against the probability of their

occurrence, and shown with a guide line to indicate the theoretical normal dis-

tribution. The closer the match to the guide line, the closer the sample is to a

normal distribution. As with the histogram, this confirms the long tail of the

contra rotating data.
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Whilst neither data series is perfectly normal, the series taken in the wake

of the contra rotating configuration has a more pronounced deviation from nor-

mality. Turbulence (or rather the velocity fluctuations that define turbulence) is

often approximated as a normal distribution (George, 2013). The abnormality in

the contra rotating data series may be due to the rotors providing distinct data

signals to the measurement equipment, i.e. the superimposition of two non equal

normal distributions, one from each of the rotors. If this is the case it is likely

that these signals will quickly become mixed.

Figures e and f show the data in the frequency domain, having undergone

a Fast Fourier Transform (FFT). In Figures 6.23 e and 6.24 e the theoretical

Kolmogorov’s law is illustrated alongside the transformed data, on a log-log scale.

Kolmogorov’s law, or the -5/3 power law, is the line along which the energy decays

from large low frequency to small high frequency eddies (as discussed in Section

2.1). This is applicable to turbulent flows, but not necessarily to non-homogenous

flow structures. The plot also gives an indication of the magnitude of the energy

cascade. The magnitude of the power varies depending on the flow characteristics,

but the turbulent breakdown will mean that the energy decay takes on the same

gradient at all times (the -5/3 power).

Finally, Figures 6.23 f and 6.24 f gives the data in the form of an FFT,

showing the energy corresponding to each frequency. This plot is used to identify

the frequencies at which a peak in energy is experienced. These peaks may be

due to tank vibration, vortex shedding, blade shadowing or other reasons, with

each cause having a specific frequency. In the two blade configuration FFT a

spike may be seen at approximately 2 Hz, corresponding to half the rotational

frequency of a blade passing. This spike is also present in the Y and Z domains

(see Appendix A). Additional spikes can be seen at 0.9 Hz, 2.1 Hz, 2.9 Hz and 3.75

Hz. These do not correspond to the blade frequencies of the turbine. The power

of the spikes in the contra rotating configuration is smaller than that of the two
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blade configuration, likely because the mixing caused by the contra rotation has

already broken down significant coherence in the wake. This appears to conform

to the idea of a lack of coherent structure within a contra rotating wake.

The same plots for the VY and VZ components are shown in Appendix A in

Figures A.1 to A.4.

6.5.2 Points of Note

• The range and spread of the contra rotating and single rotor data sets are

similar.

• The contra rotating data is less normal than the single rotor data; it has a

long tail (positive skew) and sharper peak (positive kurtosis).

• Whilst the single rotor data set shows regular, obvious peaks in the fre-

quency domain, including a peak corresponding to blade passage, the contra

rotating data set shows smaller peaks which do not obviously correspond

to the blade passage frequency, as the peaks are reduced by the mixing

occurring at the rotor.

6.6 Blockage and Scaling

6.6.1 Blockage

The blockage ratio was 18.7 %, and no change in surface elevation was noted at

any point in any configuration. As with the pile mounted experiments, the block-

age caused flow acceleration around the device. This acceleration was greater in

magnitude than previous experiments, but showed a more obvious recovery. Gen-

erally, the larger the deficit immediately behind the device (and thus the larger

the CT ), the larger the flow acceleration around the device, with the greatest

acceleration occurring in the contra rotating configuration. On either side of the
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rotor the acceleration was similar. Again the flow was shallower than the 4 D

required to remove boundary effects fully from the wake recovery (specified in

Myers, Bahaj and Germain (2008)). However, as mentioned previously it is likely

that full scale devices may also be positioned in water depths shallower than 4 D.

6.6.2 Scaling

Although devices used here are not designed to model any specific full scale

device, a comparison still proves interesting. Were these results to be replicated

for a 20 m device, its wake would return to 90 % of the free stream velocity at

approximately 320 m downstream of the device (16 D), with little further recovery

by 500 m downstream (25 D). For the single rotor devices, there could still be

evidence of the near wake at least 160 m downstream (8 D), and possibly beyond.

6.7 Conclusion

This chapter has presented velocity and turbulence wake data for a range of

turbine configurations.

The working section was chosen as an approximately constant velocity and

turbulence region. As before, VX data were normalised against unimpeded flume

data to mitigate against any cross sectional and measurement session inconsis-

tencies.

In the chosen base case configuration the peak velocity deficit was 0.46. All

measurement points had recovered to 90 % of the freestream velocity by 16 D

downstream. This did not necessarily indicate a fully recovered wake. Acceler-

ation to 110 % of the freestream velocity was noted outside the rotor area, and

although this reduced with distance downstream, it remained present into the far

wake. The turbulence peaked at over 13 %, compared to ambient levels of 4 –

5 %. A strong ‘S’ shaped profile behind the rotor was seen in the VZ results, as
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the blades forced flow up or down, depending on the direction of rotation. As

expected this ‘S’ shape was not detectable far downstream. This result gave cre-

dence to the use of actuator discs as an approximation of rotors when examining

the far wake (as an actuator disc assumes rotation does not need to be accounted

for in the far wake). This is borne out by the minimal rotation found in the far

wake of the rotor. However, the length to which the rotation persists indicates

the near wake can extend further than is commonly assumed. In these exper-

iments there was evidence of rotation at 8 D downstream. This evidence was

from averaged velocity data and it is quite possible that if measurements were

synchronised to blade frequency evidence of wake rotation would be found even

further downstream.

For the two blade, three blade and contra rotating cases the wake had not

fully recovered by 25 D downstream. This is a considerable distance, and could

impact choices made when considering array spacing, as most arrays will require

a trade off between packing density and wake recovery.

It was noted that an increase in blade numbers resulted in an increase in CT ,

as the thrust generated by the rotor (and so the wake deficit) increased. However,

the thrust generated by two sets of contra rotating rotors was considerably less

than the sum of the two rotors operating independently.

As was expected, an increase in blade pitch angle usually resulted in a decrease

in rotational speed, which in turn resulted in a smaller wake. However, this was

not the case for 2◦ pitch, which had a lower rotational speed but a larger wake

profile than that of 0◦ pitch. This was due to the rotor at 0◦ pitch over-speeding,

and the optimum pitch angle being somewhere between 0 and 2◦ pitch. The lower

deficits of the high pitch configurations corresponded to the wake recovering in a

shorter distance, though not at a faster rate of recovery.

The addition of an extra blade to the rotor allowed more rigorous analysis of

the contra rotating device, but also provided an opportunity for comparison in
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its own right. Whilst the results were broadly similar to that of the two blade

configurations, the deficits were larger, peaking at 0.6. As with the two blade

results there was a large recovery between 2 – 8 D, and a more gentle recovery

after this. Between 16 – 25 D downstream the maximum deficits did not recover

greatly, remaining around 0.1. As these maxima were in the form of clear peaks

this indicated that the flume was not fully mixed, and mixing was occurring very

slowly.

For the contra rotating configurations the wake was larger than for any other

configurations, with a peak deficit of 0.75 at 0◦ pitch. However, it appeared that

the contra rotation facilitated more effective flume mixing, as in the far wake

the recovery continued beyond that of the three blade configuration. The contra

rotating configuration had the largest CT of all the configurations, but resulted in

a faster recovery than the three blade configuration. This was due to the second

rotor removing structure and coherence from the wake. As the contra rotating

device’s higher thrust does not result in a larger deficit downstream, this could

have significance for the layout of arrays when packing density is considered.

Contra rotating devices could be used to reduce wake lengths, making an array

more efficient.

The ‘S’ shaped profiles visible in the VZ direction for the two and three blade

configurations were much less clear for the contra rotating configurations. Thus,

as predicted by Hansen (2008), a large amount of the rotational element within

the flow was removed by the second rotor. This may be what drove the improved

mixing within the wake, which led to a faster wake recovery. This enhanced wake

recovery may be employed benificially in array layout, allowing a greater packing

density without adverse effects.

Results in the wakes of the contra rotating and 2 blade configurations were

further compared using statistical measures. For the data points analysed the

wakes were found to have a similar velocity range and standard deviation, but

176



the measurement in the wake of the contra rotating turbine conformed less to the

normal distribution, and suggested better mixing.
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Chapter 7

Results Comparison With

Similar Experiments

This chapter makes some comparisons between the results from Chapters 5 and

6, and then with Chapter 6 and selected similar work from literature.

7.1 Comparisons Between Pile Mounted and Wire

Hung

Table 7.1 repeats the configurations tested for both regimes.

Figure 7.1 compares the peak velocity deficits of the two standard cases (as

seen in Figures 5.17 and 6.5a, repeated in Figure 7.2 for clarity). It can be

seen that the immediate deficit of the wire hung tests far exceeds that of the

pile mounted, for the same number of blades. The significant differences in the

two experiments are the rotor diameters and the blade types. The higher rotor

diameter of the wire hung device gives a larger rotor area, capturing more of the

energy within the channel. The aerofoil profile blades of the wire hung device

are far more efficient, and also result in higher energy capture. A larger energy

capture must by definition result in a larger immediate wake.
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Table 7.1: λ and CT for all configurations tested

Regime Configuration Lambda CT

Pile Mounted
Sensitivity 3 0.48
Base Case 4 0.45
Sensitivity 5 0.4

Wire Hung 2 Blade

0 deg Pitch 5 0.67
2 deg Pitch 4.7 0.68
4 deg Pitch 2.3 0.43
6 deg Pitch 2.3 0.3

Wire Hung 3 Blade

0 deg Pitch 4.7 0.84
2 deg Pitch 2.9 0.74
4 deg Pitch 2.3 0.58
6 deg Pitch 1.2 0.46

Wire Hung Contra Rotating

0 deg Pitch 4 / 4.1 0.93
2 deg Pitch 4.2 / 3.6 0.97
4 deg Pitch 1.5 / 3.4 0.88
6 deg Pitch 2.3 / 2.5 0.48

Figure 7.1: Comparison of peak deficits in the Pile Mounted and Wire Hung base
cases
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(a) VX for the Pile Mounted Base Case of λ =
4 (as seen in Figure 5.17)

(b) VX for the Wire Hung Base Case of 2
Blades at 0◦ pitch (as seen in Figure 6.5a)

Figure 7.2: Comparison of Pile Mounted and Wire Hung base cases

Far downstream of the device both standard cases have recovered to < 0.1.

However, the wake of the pile mounted device appears to be more prominent than

that of the wire hung device. This difference is unexpected, as ambient turbulence

levels are similar (recalling Figure 4.9). Results are compared at 20 and 25 D

downstream for the wakes of both configurations (Figure 7.3), which shows that

the deficit in the rotor area is comparable, and the difference in wake prominence

is caused by the negative deficits recorded at the edges of the channel. It can also

be seen that there is evidence of recovery noted between 20 and 25 D downstream

for both the pile mounted and the wire hung configurations. Uncertainties are

larger for the pile mounted results than for the wire hung results, due to the effect

of flume inconsistency. This is because results for wire hung configurations were

taken from a single measurement session.

Tip speed ratios are comparable between the pile mounted device at λ = 5 and

the 2 bladed wire hung device at 0◦ and 2◦ pitch, however thrust coefficients are
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Figure 7.3: Velocity deficit in the far wake for the Pile Mounted and Wire Hung
base cases. Pile Mounted rotor extent is shown by the inner dashed lines, and
Wire Hung by the outer.
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Figure 7.4: Comparison of Wire Hung base case and Pile Mounted λ = 5 for λ
similarity

greater for the wire hung tests. This can be seen in Figure 7.4 which compares

results from Figures 5.31 and 6.5a (repeated in Figure 7.5 for clarity). Initial

deficit for the same value of λ is much greater for the wire hung device, due to

the more efficient profiled blades. The wake area can also be seen to be wider,

due to the larger diameter rotor used.

As CT has been calculated from the velocity deficit, configurations of similar

CT will have a similar initial velocity deficit. The pile mounted base case and the

wire hung 2 blade device at 4◦ have similar CT , and are compared in Figure 7.6.

It can be seen here that the rate of wake recover is extremely similar, particularly

in the far wake. Bahaj et al. (2007) states that the recovery in the far wake is

primarily dependent on the ambient turbulence, which is reflected in Figure 7.6.

7.2 Comparisons Between Wire Hung Tests and

Literature

The wake of the wire hung device is more representative of full scale devices and

devices used in literature, due to the profiled wake blades. Furthermore there is

a lower uncertainty within the wire hung data. The following section compares
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(a) VX for the Pile Mounted Base Case of λ =
5 (as seen in Figure 5.31

(b) VX for the Wire Hung Base Case of 2
Blades at 0◦ pitch (as seen in Figure 6.5a

Figure 7.5: Comparison of Pile Mounted λ = 5 and Wire Hung base case

Figure 7.6: Comparison of Wire Hung 2 blade 4 pitch and Pile Mounted λ = 4
for CT similarity
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the wire hung device with selected results from literature, discussed in Chapter

3.

7.2.1 Single Rotor Devices

In Myers (2005) downstream velocity deficit measurements are given for three

flume velocities from 3 – 7 D downstream of an actuator disc, and a correction

factor is given. Recovery is noted to be less than predicted by other work, and this

is explained by the low ambient turbulence (although no turbulence measurements

were taken). When compared with the work presented in this document the Myers

deficits are larger at 3 D downstream, but are similar in the rate of recovery. As

the Myers results do not extend beyond 7 D, a full comparison is not possible.

In Myers and Bahaj (2009b) velocity deficit is given up to 10 D downstream

of a rotor. The results support the claim made in Section 5.2 that the wake of the

structure has little effect in the far wake. Previous studies are said to suggest a

distance of 15 – 20 D for a wake recovery of 85 – 92 %; the experimental work in

Chapter 5 and Chapter 6 broadly conform to this. Downstream deficit is shown

as ranging from about 0.55 at 3 D to 0.22 at 10 D for a thrust coefficient of

0.77. The recovery rate conforms to those presented in Chapter 6, over the given

distance, but the absolute deficit is greater for Myers and Bahaj (2009b).

Myers and Bahaj (2009a) provides an interesting comparison with the results

presented here, as the data set extends to 20 D downstream. As shown in Figure

7.7 the deficit recovery gives a good match to the 3 blade, 0◦ pitch device presented

in Section 6.3 over the length of the measurements, indicating a similar wake

recovery rate. However, there the deficit magnitude is offset by approximately

1 D, suggesting a spatial lag in the decay. The idea of spatial lag is briefly

discussed in Roc, Conley and Greaves (2010), where it is proposed that the lag

is because of non rotation (from the actuator disc), and is a near wake issue. It

can be seen in Figure 7.7 that from approximately 16 D downstream the deficits
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Figure 7.7: Velocity deficit comparison between Rose 3 blade device and that
found in Myers and Bahaj (2009a)

would match excellently without any lag, and both sets of results suggest minimal

recovery beyond a deficit of 0.1. This failure to recover meaningfully beyond 0.1

is significant as it results in a potential power reduction of 27 % for any device

positioned downstream. However, it should be remembered that even at this

distance downstream there is a difference in velocity deficit between the centreline

and the rest of the channel (Figure 6.11a), meaning that further mixing, and thus

further recovery, is still to occur.

In Polagye (2009) the deficit of simulated turbines has returned to less than 0.1

within 20 D, which is similar recovery to that of simulations reported in Harrison

et al. (2009), but much slower than wind turbines, which are reported to recover

to 0.07 within 10 D. Polagye also finds that even at 60 D downstream there is

a velocity deficit present, indicating that complete recovery requires a very long

time or length scale, considerably longer than is available in most flume tanks

and longer than is reasonable for array spacing.

Maganga et al. (2010b) gives velocity deficit data for a 700 mm, three blade

turbine for the first 10 D of the wake. Wake recovery is reasonably consistent

along the distance, reaching 0.16 at 10 D downstream. The turbulence intensity

of 8 % is slightly higher than that used in this study, where the recovery is similar,

as can be seen in Figure 7.8.
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Figure 7.8: Velocity deficit comparison between Rose 3 blade device and that
found in Maganga et al. (2010b)

Figure 7.9: Velocity deficit comparison between Rose 3 blade device and that
found in Stallard et al. (2013)

In Stallard et al. (2013) the wake behind a similar sized, 3 blade rotor is given

up to 20 D downstream. The velocity deficit is given in Figure 7.9, where it

can be seen that it is higher immediately behind the rotor, and lower from 4 D

downstream. The initial high deficit may be due to the higher CT employed by

Stallard (0.87). The greater rate of recovery may be due to the higher ambient

turbulence intensity (8 - 10 %) causing a more rapid wake breakdown, which may

also be seen by the wake continuing to recover significantly beyond the point

where it reaches 0.1.

Figure 7.10 also compares with results from Chen et al. (2017), which uses
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Figure 7.10: Velocity deficit comparison between Rose 3 blade device and that
found in Chen et al. (2017)

a 3 blade, 30 cm diameter rotor. The velocity deficit is is lower at all distances

downstream the for the work presented here. This may be due to the lower CT

of Chen (0.39); Chen also mentions that blockage effects increase mixing in the

near wake.

In various literature relating to wind turbines, the near wake / far wake tran-

sition is given as being between 2 – 5 D (e.g. Vermeer, Soerensen and Crespo

(2003)), beyond which the coherent structure has broken down. This is also the

case for some tidal turbine literature (e.g. Bahaj and Myers (2013)). In Figures

6.10b and 6.15b, evidence of a rotational structure is seen at 4 D and is also visible

at 8 D, indicating that the transition zone may reach as far as 8 D downstream,

or even beyond.

7.2.2 Contra Rotating Devices

Unfortunately, but not unexpectedly, the author was unable to obtain any ve-

locity data from published literature in the wake of a contra rotating turbine.

However, as previously noted, Hansen (2008) states that an ideal contra rotating

turbine will leave no rotational velocity within its wake. Figure 6.22a goes some

way to demonstrating this, as it shows a significant reduction in structured VZ
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compared with Figure 6.10a or Figure 6.15a, as discussed in Section 6.4. The ef-

fectiveness of the second rotor in removing swirl from the wake may be dependent

on factors such as torque balance or relative rotational speed – factors which were

not considered in detail within the scope of this research. Thus from these exper-

iments the effect cannot be said to be absolute or recurring in all circumstances,

but it can be said that the effect occurs.

As mentioned in Section 3.5.2 O’Doherty et al. (2009) models a contra rotating

device using CFD, and compares this with a single rotor. It finds that the overall

wake recovery is similar for both (despite the contra rotating device having a

higher CT ), but the wake of the contra rotating device makes a greater initial

recovery. The increased initial recovery is consistent with results presented here,

and in both the contra rotating device’s higher coefficient of thrust and initial

velocity deficit does not result in a higher velocity deficit downstream. However,

in this work the improved recovery continues into the far wake.

The increased rate of wake recovery may result in a significant benefit when

considering array spacing. The faster wake breakdown can be used either to

decrease the distance between devices, increasing packing density; or it can be

used to obtain more recovery over the same distance. It would be for an array

developer to decide which of these options is preferable.

7.3 Conclusions

In this chapter comparisons have been made between the Pile Mounted results

described in Chapter 5 and the Wire Hung results described in 6. The Wire

Hung configurations result in a higher velocity deficit and CT for a given λ, due

to the profiling of the blades. Wake recovery is noted for both configurations at

distances far downstream, and the rate of recovery in the far wake is similar, as

it is dictated by ambient turbulence.
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Comparisons have also been made between the Wire Hung results discussed

in this report and results found in literature. Due to the lack of published data,

limited comparisons have been made with the contra rotating device. It can be

seen from Figures 7.7 to 7.10 that despite comparing different devices, in different

channels, operating in different conditions, with different measurement equipment

and methodology, the wake deficits are remarkably similar. One particular point

of agreement between Myers and Bahaj (2009a) and the three blade configuration

discussed in Chapter 6 is the very slow to negligible wake recovery from about

16 D downstream, usually at around 90 % of the freestream velocity. The lack

of meaningful recovery beyond this point should certainly inform turbine array

spacing. Differences in deficit do exist within the near wake, (e.g. initial deficit

and initial recovery rate) but these can likely be attributed to the variation in

devices tested. In this study evidence of the near wake was found for various

configurations at 8D downstream. This exceeded the near wake length suggested

by Bahaj and Myers (2013) or Myers and Bahaj (2009b), or the rotation found in

Chen et al. (2017). It should be noted that the experiments of Myers and Bahaj

(2009a) and Maganga et al. (2010b) use ambient turbulence levels similar to that

used in Chapters 5 and 6, whilst Stallard et al. (2013) uses higher turbulence and

Chen et al. (2017) lower.
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Chapter 8

Conclusions

8.1 Summary of Work

8.1.1 Pile Mounted Experiments

In Chapter 4 a description was given of the testing of a pile mounted tidal turbine

device. The wake was profiled by measuring the three dimensional instantaneous

velocity at certain points downstream of the device, using an Acoustic Doppler

Velocimeter. The results were presented and discussed in Chapter 5. The wake

of the hub and its supporting pile was found to have a small impact on the near

wake, and the wake of the structure corresponded to that given in literature for

a cylinder. The wake of the gravity base was initially more considerable, but had

little influence beyond 6 D downstream, and then only at the base of the channel.

Thus any wake detected far downstream could be assumed to be due to the rotor

as opposed to the structure (Section 5.2).

The wake behind the device operating at λ = 4 peaked at a turbulence in-

tensity of 26 %, then showed continuous recovery from 2 – 25 D downstream,

implying that a greatly reduced wake was still present far downstream (Figures

5.17 and 5.18). That the wake remained present when CT was only 0.45 indi-

cated considerable longevity within the wake structure. As would be expected,
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the largest deficits were predominantly to be found in the rotor axial centreline

(Section 5.3).

Increased and decreased values of λ gave small changes to the thrust and

wake, though the recovery remained broadly similar (Figure 5.35). The changes

in λ provided corroboration for the previous tests, as the wake continued until

far downstream (in this case 20 D) (Figure 5.34). The limited velocity recovery

far downstream showed that the breakdown of the wake structure occurred more

slowly than might have been anticipated (Section 5.4).

8.1.2 Wire Hung Experiments

Chapter 4 also contained a description of the testing of a wire hung turbine, which

had a small nacelle and minimal support structure. This device was capable of

variations in blade number and blade pitch angle, and was able to hold two contra

rotating rotors. The wake profiles of multiple configurations were measured in

the same flume as the previous experiments. The results were presented and

discussed in Chapter 6.

The base case (2 blade) peak deficit of 0.46 greatly exceeded that of the

previous experiment, because the greater rotor diameter and more effective blade

profile led to higher thrust generation. This wake deficit had reduced to less than

0.1 by 16 D, but evidence of wake presence persisted to the limit of downstream

measurement (25 D) (Section 6.2.1). In the Z direction a clear picture of the

rotation imparted to the flow was given, the dissipation of this (between 8 and

12 D downstream) signalled the start of the far wake (Section 6.2.4).

An increase in blade pitch angle generally resulted in a slower rotation, a

smaller thrust, and thus a smaller wake Figure 6.5). At 0 to 2◦ pitch this was not

the case, due to over-speeding in the 0◦ pitch case. The addition of an extra blade

resulted in higher thrusts and therefore larger wakes (Section 6.3). As a peak

velocity deficit was seen at all distances downstream (for the faster, lower blade
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pitch angles) it was clear that the wake was not fully mixed with the surrounding

flow, even far downstream (Section 6.3.3). This was further confirmation of the

phenomena observed in the pile mounted experiments.

The contra rotational configuration provided evidence that wakes from con-

tra rotating devices do not behave in the same way as wakes from single rotor

devices. Although the wakes from contra rotating configurations generated the

most thrust, they recovered faster than in the three blade configuration (Sec-

tion 6.4.2). Further, the rotational element of the wake so clearly visible in the

VZ profile for the single rotor cases was greatly obscured in the contra rotating

cases (Figure 6.22). This illustrated a potential benefit of contra rotation when

considering wake effects on packing density.

The contra rotating wake data is found to conform less to a normal distribution

than the single rotor device immediately downstream of the device (Section 6.5.1).

It is also more difficult to see blade rotation frequencies in the frequency domain,

as these signals have been obscured by mixing at the rotor.

In Vermeer, Soerensen and Crespo (2003) the near wake is said to end 2 – 5 D

downstream, and in Myers and Bahaj (2009b) the swirl is said to be dissipated by

4 – 5 D. In Figure 6.10a and Figure 6.10a the swirl within the flow can clearly be

seen at 4 D, and less clearly at 8 D. This indicates that in this experimental work

the transition from near to far wake is at least at the limits of the 5 D suggested

elsewhere, and may even extend beyond it.

A number of studies find a wake recovery to 90 % freestream by 20 D down-

stream, and often before that. Of those mentioned in Section 3.4, only Stallard

et al. (2011) reports any differently (88 %). This is broadly the case for config-

urations mentioned within this work. However, there is still a peak across the

channel in the rotor area (indicating that the wake has not fully mixed) and the

recovery beyond this appears to be very slow.
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8.2 Potential Application to the Development

of Tidal Energy Capture

8.2.1 New Data Sets

Through the experimental testing detailed in Chapters 4 to 6, a number of new

data sets are presented for the wakes of tidal turbines. These data sets give small

scale testing results, primarily in the form of velocity and turbulence profiles,

for a variety of turbine configurations. These data sets offer measurements up

to 25 D downstream of the device, longer than most of that which is currently

available. They provide a basis for comparison for any past or future experiments

or computational simulations.

8.2.2 Length of Wake

For all configurations where measurements were taken at 25 D the wake is ob-

servable. This is equivalent to a distance of 500 m downstream for a device of

20 m diameter. For the wire hung results, the wake at 25 D shows a deficit of

approximately 0.1, but is still detectable. A deficit of 0.1 has sometimes been

used as an arbitrary designation for wake recovery, and whilst this may be ap-

propriate in some circumstances, even at a deficit of 0.1 the wake has not fully

recovered. A 10 % reduction in velocity to the inlet of a turbine is very signif-

icant, and could threaten the economic viability of a device, or even an array.

The recovery beyond 25 D downstream is expected to occur slowly, and the wake

may extend far downstream of this. The downstream distance required before

the velocity deficit becomes acceptable depends on the input requirements of the

device downstream.

Furthermore, individual array layout depends heavily on the device and the

location, but it is likely there will be many locations where packing needs to be
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tighter than 25 D downstream. Developers designing for such locations should

examine the wake effects specific to their devices.

There may also be an increase in small scale turbulence at 25 D downstream,

relative to ambient. Although only a very small increase in turbulence was ob-

served at this distance, it has been noted previously that frequencies below 12.5

Hz could not be measured with the equipment used. This turbulence is likely

to be small enough in scale that it has no undesirable impact on a downstream

device.

8.2.3 Near Wake/Far Wake Transition

In certain experiments reported here the near wake appears to extend further

than the distance usually ascribed to the transition zone. The near wake is

defined as the part of the wake with coherent structure, and the far wake is

where that coherent structure has been broken down. In certain results (e.g.

Figure 6.10a) the rotational aspect of the flow is detectable at 8 D downstream.

This is an interesting observation which indicates that in this case the rotational

wake structure breaks down less easily than predicted.

This work suggests that the near wake extends beyond the commonly men-

tioned 5 D, and care needs to be taken when interpreting results from actuator

discs in this region. Actuator discs are commonly used to model wakes, under the

proviso that they are not used to represent near wakes as they offer no rotational

aspect. Thus if the transition zone extends to approximately 8 D, the actuator

disc results will be less useful upstream of this point.

An increase in the region of swirl expected (i.e. the near wake) has the po-

tential to increase environmental concerns, as it may increase seabed scouring,

bathymetry changes or other ecological changes at a given location.
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8.2.4 Contra Rotation

The contra rotating device is a novel concept which has numerous advantages

over the traditional monopile device. The results shown in Section 6.4 suggest

that one of those advantages is an increased wake recovery. Despite having a

higher CT than the two and three blade devices, the wake of the contra rotating

configuration recovers to a similar level by 16 D (Figure 6.18). This improved

rate of wake recovery is likely due to the lack of coherent structure within the

wake, allowing for faster mixing.

Another effect of the contra rotation is a reduction in swirl in the near wake.

This reduction is unlikely to have any direct effect on the downstream device

unless it is positioned very close, but could impact local bathymetry, as well as

the habitat of plants and animals. Considering a point on the seabed in the near

wake of a turbine, it is unclear whether the periodic velocity fluctuation caused

by a single turbine device creating high swirl would be preferable to the more

constant wake of a contra rotating device. It may be that the single rotor device

wake scours the seabed by pushing debris out the sides of the wake, whilst the

contra rotating device wake scours the seabed by keeping debris in the wake,

pushing it downstream. Whilst many devices will be sufficiently raised up from

the seabed so as to have minimal impact over the near wake area, some devices

are gravity based and can expect to have some impact on the seabed downstream

of the device.

8.2.5 Impact on Array Spacing

Any array development will be faced with many competing considerations, involv-

ing materials, installation methods, distance from shore, robustness and main-

tenance, power capture, and many other considerations. Within this mix there

must be due consideration of the wake effects of one device upon another. Due

to the spacial limitations of most sites it is inevitable that some devices will be
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placed in the wakes of others. The change in velocity and turbulence profiles

experienced by these devices will alter performance and survivability. It is for

the developer to decide what levels of change from ambient are appropriate, and

this will be dependent on the specifics of the device, the required operational

performance, and the allowed maintenance schedule.

Throughout this work no array testing has taken place, and any conclusions

are as a result of an extrapolation of the results. Nevertheless there are some

pertinent points affecting array spacing. This work suggests there is still evidence

of the wake present at 25 D downstream, and array developers must take this

into account. The wire hung three blade configuration maintained a peak of 0.1

velocity deficit at 25 D downstream. A 10 % reduction in flow velocity results in

a 27 % reduction in power available, a very considerable amount. If the (in this

case incorrect) assumption was made that wakes could be neglected for devices

spaced 25 D apart, the generated power output would be significantly less than

the predicted power output, potentially threatening the economic viability of the

array. However, increasing the distance between devices within an array beyond

25 D may provide limited benefits. The velocity recovery in the far wake was

observed to occur very slowly, and it would be reasonable to expect a continuation

of this. A further 5 or 10 D may provide little recovery, and thus little extra

available power. A downstream device might also experience an increase in small

scale turbulence with respect to ambient levels, but this is likely to be of too

small a scale to be detrimental.

It is clear that different devices, operating in different conditions, will generate

different wake profiles. The wake is dependent on the thrust, and a higher thrust

might yield a longer wake, whilst a lower thrust may result in a shorter wake.

Within these experiments the contra rotating device produced the highest thrust

coefficient, but due to the unique fluid dynamics caused by the dual rotors the

discernible wake length was shorter than some other configurations. If a single
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rotor device were compared with a contra rotating device of equivalent power

generation, the contra rotating device would likely have a shorter wake. Thus

it appears that contra rotating devices may be used to reduce the length of the

wake relative to single rotor equivalent power producing devices.

Laterally staggering the devices, as discussed in Myers et al. (2010), would

likely facilitate a reduction in the downstream spacing required. However, caution

must be taken as wake expansion could result in upstream devices casting a

shadow larger than the upstream rotor area, and any potential benefits must be

carefully assessed.

8.3 Further Work

8.3.1 Increased Spacial Coverage

A comprehensive CFD analysis of the turbines discussed here would provide a

great deal of useful information. It would give greater resolution to the measure-

ment points, allowing a more detailed analysis of boundaries (in particular the

rotor edge). It would provide results for areas where physical measurements were

limited by physical constraints, such as close to the free surface, or closer than

2 D behind the device. It would also allow an assessment of the turbulence de-

cay, independent of sampling frequency. This would provide information on the

magnitude of turbulence due to the wake still present far downstream. However,

such a model would be time consuming to build and computationally expensive

to run. Furthermore, any computational model would be subject to turbulence

assumptions, and meshing restrictions, as mentioned in Section 1.5.

Experimental or computational work which extends beyond 25 D downstream

would further clarify the rate of recovery at a distance far downstream.
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8.3.2 Alternative Test Environment

Further experimental work could be conducted in a different test environment,

which might decouple some of the facility effects from those of the devices. The

asymmetry of the flume and its inconsistency over multiple measurement sessions

may have shielded some effects from view, and may have distorted others. Further

testing in a flume with a more consistent flow profile would augment the results

presented here. A variety of ambient turbulence would also have added greatly to

the experimental work. However, the limitations of towing (due to downstream

coverage) and in sea testing (due to inconsistent, non steady state flow and limited

repeatability) make flume tank testing the preferred option for experimental work

within the far wake.

8.3.3 More Representative Device or Bigger Scale

Most desirable of all future work would be the wake measurements of a full scale

device. This would provide an opportunity to assess the scale dependence of

the experiments presented here. Furthermore, a more representative device, for

example one with a power take-off system, would be expected in a full scale

device, but is not reasonably possible when working at small scales. The in-sea

testing of full scale turbines will form an essential part of the development of any

device. It is likely these tests will focus on the performance of the device, and

the expense associated with full scale testing makes it unlikely that any tests will

be conducted with wake data collection as the first priority. Nevertheless wake

data could also be captured, and would prove useful for planning array layout.

8.3.4 Near / Far Wake Transition Zone

An unexpected result of this work was the extension of the near wake to 8 D in

some cases. A more detailed examination of the transition zone could ascertain
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where the rotational aspect of the structure is broken down and the far wake

begins. Work could also be done to assess what difference the extension of the near

wake may make to actuator disc experiments. As was suggested in Section 6.2.4,

if velocity measurements were synchronised with blade frequency, the rotation in

the wake might be seen even further downstream.

It is possible that the length of the near wake, and position of the transition

zone, was influenced by the characteristics of the test facility. Any study similar

to this set of experiments could confirm or clarify if the transition zone found in

this work was independent of the test facility.

8.3.5 Environmental Impact

The environmental impact of a device will be an important factor in gaining

permission to install single devices or arrays. This will be dependent on the

environment in which the device is located, however general applications of the

results presented here could be used to estimate seabed scouring, impact on

bathymetry and impact on ecology of a given location. Further work could be

done to assess whether the wake of a contra rotating device would have a different

impact to that of a single rotor device, due to the lack of swirl in the near wake.

8.3.6 Array Spacing

Research has been published examining potential efficient layouts of turbines

in an array. This depends on certain constraints such as device type; device

operation; depth, width and length of channel. Further experimental research

is required to fully understand the impact of placing a device in the wake of an

upstream turbine. Particular attention should be paid to a device placed in the

far downstream wake, beyond 16 D downstream, as this magnitude of distance is

likely to be used in arrays where lateral offsetting of turbines is not possible.

The benefits of laterally offsetting any downstream device so as to reduce the
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impact of the upstream device wake should also be examined.

8.3.7 Contra Rotating Devices

A robust and high resolution computational model of the rotor and near wake of

the contra rotating device would prove enlightening. A detailed analysis of the

mixing between rotors would give an indication of the wake structure, which in

turn would inform wake breakdown. It would also shed light on the deviation

from a normal distribution of data sets directly behind the device.
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Appendix A

VY and VZ Statistical Plots

The following graphs show the VY and VZ statistical plots for the contra rotating

and 2 blade configuration. They correspond to Figures 6.23 and 6.24 found in

Chapter 6.
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Figure A.1: Statistical plots for VY wake data spot reading 2 D downstream of
the Contra Rotating configuration
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Figure A.2: Statistical plots for VY wake data spot reading 2 D downstream of
the 2 Blade configuration
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Figure A.3: Statistical plots for VZ wake data spot reading 2 D downstream of
the Contra Rotating configuration
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Figure A.4: Statistical plots for VZ wake data spot reading 2 D downstream of
the 2 Blade configuration

216


	Symbols and Abbreviations
	Introduction
	Tidal Energy
	Example Devices
	Wakes
	Contra Rotation
	Choice of Method
	Project Goals
	Outline of Thesis

	Wake Theory
	Turbulence
	Scales
	Relevance to Tidal Energy

	Flume Tank Hydrodynamics
	Turbine Wakes
	Generating Power
	Actuator Discs
	Near and Far Wakes
	Arrays
	Velocity Deficit

	Scaling
	Reynolds Number
	Froude Number
	Strouhal Number
	Coefficient of Thrust
	Tip Speed Ratio
	Acceptable Minimum Scaling
	Array Spacing


	Literature Review
	Resource Availability
	Wind Energy – Experimental
	Laboratory Testing
	Full Scale Testing

	Wind Energy – Computational
	Tidal Energy – Experimental
	Actuator Discs
	Rotors

	Tidal Energy – Computational
	Actuator Discs
	Rotors
	Arrays

	Blockage

	Experimental Methodology
	Pile Mounted Experiments
	Pile Mounted Device
	Tip Speed Ratio

	Wire Hung Experiments
	Turbine Design
	Blade Numbers
	Tip Speed Ratio

	Equipment Used
	Flume Tank
	Cloudy Water and Flotsam
	Asymmetry
	Tank Vibration
	Mesh Filter
	Working Section - Pile Mounted Device
	Working Section - Wire Hung Device

	Instrumentation
	Methods of Measuring Velocity
	Acoustic Doppler Velocimetry
	Sources of Error
	Filtering
	Sampling Frequency and Size

	Data Capture Process
	Grid Positions - Pile Mounted Device
	Grid Positions - Wire Hung Device

	Typical Test Runs
	Pile Mounted Device
	Wire Hung Device

	Errors and Uncertainties
	Velocity Fluctuations Due to Turbulence
	Instrumentation and Experimental Setup
	ADV Signal Error
	Temperature
	Rotational Misalignment
	Blade imperfections

	Flume Consistency
	Measurement Session Comparison
	Quantification
	Experimental Method
	Implications

	Error Summary


	Pile Mounted Results
	Flume Channel Results (No Device)
	Cross Sectional Profiles
	Variation With Height
	Upstream Vs Downstream
	Turbulence Profiles
	One Dimensional Turbulence Intensity
	Reynolds, Froude and Turbulence Calculations
	Points of Note

	Structure Results
	Velocity Profiles
	Turbulence Profiles
	One Dimensional Turbulence
	Points of Note

	Standard Device Results (= 4)
	Velocity Profiles
	Turbulence Profiles
	One Dimensional Turbulence
	Velocity Vectors
	Upper Flow vs Lower Flow
	Blockage
	Coefficient of Thrust
	Points of Note

	Alternative Rotational Configurations (= 5, = 3)
	VX Profile

	Conclusions

	Wire Hung Results
	Flume Channel Results (No Device)
	Flume Consistency Over Area
	Flume Profiles
	Conclusion

	Thrust Coefficient
	Power Generation
	Tip Speed Ratio
	Points of Note

	Base Case Discussion (2 Blades)
	VX Profile
	Peak Velocity Comparisons
	Turbulence Profile
	VY and VZ Profile
	Points of Note

	Extra Blade Comparison – 3 Blades
	VX Profiles
	Peak Velocity Comparisons
	Turbulence Profile
	VY and VZ Profiles
	Points of Note

	Contra Rotating Comparison
	VX Profiles
	Peak Velocity Comparisons
	Turbulence Profile
	VY and VZ Profiles
	Points of Note

	Further Analysis of Contra Rotating Data
	Statistical Plots
	Points of Note

	Blockage and Scaling
	Blockage
	Scaling

	Conclusion

	Results Comparison With Similar Experiments
	Comparisons Between Pile Mounted and Wire Hung
	Comparisons Between Wire Hung Tests and Literature
	Single Rotor Devices
	Contra Rotating Devices

	Conclusions

	Conclusions
	Summary of Work
	Pile Mounted Experiments
	Wire Hung Experiments

	Potential Application to the Development of Tidal Energy Capture
	New Data Sets
	Length of Wake
	Near Wake/Far Wake Transition
	Contra Rotation
	Impact on Array Spacing

	Further Work
	Increased Spacial Coverage
	Alternative Test Environment
	More Representative Device or Bigger Scale
	Near / Far Wake Transition Zone
	Environmental Impact
	Array Spacing
	Contra Rotating Devices


	VY and VZ Statistical Plots

