Graphical Abstract

The effect of combined yawed and turbulence intensity on the wake
development and performance of a tidal stream turbine.

Matthew Allmark, Allan Mason-Jones, Jean-Valery Facq, Benoit Gaurier,
Gregory Germain, Tim O’Doherty

b= —20°

Cross-Stream Position y/D, [—]

1k
Rotor Right
= @_ -
0 }‘??%\
B Leh

1k

0 1 2 3 4 5 6 7
Down-Stream Position x/D, [-]



Highlights

The effect of combined yawed and turbulence intensity on the wake
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e Detailed description of wake skew under yawed inflow.
e Detailed description of turbulent structures in the near-mid wake.

e Initial study into wake steering for HATTs.
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Abstract

The development of wakes downstream of horizontal-axis tidal stream tur-
bines is of interest because these devices, when installed in arrays, can gen-
erate predictable renewable energy. Specifically, wake development impacts
both the performance of individual turbines and the overall turbine arrays,
where upstream turbines can reduce the power output of downstream de-
vices. Additionally, tidal flows are often not perfectly symmetric and can
exhibit short-term variations in the predominant incoming flow angle.

This work presents the methods and findings of a lab-scale experimental
campaign designed to characterize the wake structure under combined yaw
and turbulent flow conditions. A 0.9 m lab-scale tidal turbine was subjected
to low and high turbulent inflow characteristics, two yaw conditions (£20°),
and a no-yaw case. The wake downstream of the device was recorded using a
3 component laser Doppler velocimeter, and these measurements were used
to characterize the wake structure.

Under low turbulent conditions, yawing marginally improved wake recov-
ery. In most yaw cases, wake skew was observed; however, the center-line
progression of the wake was complex and influenced by the in-flow character-
istics. Some degree of self-similarity in the flow was observed, which would
presumably improve with downstream distance. Analysis of turbulence in the
wake revealed a complex picture — with particularly high levels of turbulent
kinetic energy at the blade tips under yawed flow conditions. The length
scale of turbulence in the near to mid-wake was smaller than the rotor plane
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length scales, and the return to isotropic conditions, which is assumed in
many computational models, is complex and dependent on the anisotropy of
the inflow turbulence.
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1. Introduction

The wakes of Horizontal Axis Tidal Turbines (HATTS) have been an ac-
tive area of research for over a decade. Tidal flows are generally bi-directional
with approximately 180° between ebb and flood flows, however some stud-
ies have shown misalignment of ebb and flood directions can be greater
than 4+20° but tend to fall within this range [1]. This can be due to local
bathymetry, or the presence of headlands, tidal channels or larger features.
Devices such as the SeaGen device pitched their turbine blades through 180°,
but do not change the orientation of the turbine axis, and therefore the im-
pact of flow misalignment on the turbine and the wake development down-
stream of devices needs to be assessed. Misalignment was identified early on
by Bahaj et al. [2] as an issue which needed to be addressed by tidal tur-
bine manufacturers. Furthermore, as tidal flows are predictable and periodic
means there is ample scope for optimising the layout of tidal turbine arrays.
This extends not only to a minimum distance between turbines in the main
flow direction, but also allows more complex interactions to be considered,
such as cross-stream spacing to take advantage of blockage effects, or alter-
nating rotation directions to take advantages of swirl in the wake, or in the
case of the research presented through utilising yaw misalignment to take
advantage of wake meander.

A growing body of research has provided flow velocity measurements in
the wakes of actuator discs [3], behind individual turbines [4], [5], [6] and
in the wake of multiple devices [7] [8]. A central aspect of the experimen-
tal work produced so far have focused fully or in part on the effect of the
turbulence levels in the on-coming flow on the device perfromance and wake
development. The work of Maganga et al.[4] showed that an increase in tur-
bulence intensity causes faster wake recovery, which was confirmed by [5],
who concluded that, whilst an increase in ambient turbulence intensity only
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had a limited effect on the mean Cp and Cr, the wake was “deeply influ-
enced” by the upstream turbulence, and that the “wake shape, length and
strength largely depend on the upstream turbulence conditions”. The work
of Ebdon et al. [9] further developed this notion and considered the effect of
operating tip-speed-ratio (A) on the wake structure. This work also consid-
ered the effect of the method of characterising the wake width and length on
the reported wake structure - i.e. showing that the wake width reported was
highly dependent on the method of describing the wake boundary. Ebdon’s
work further corroborated the finding that ambient turbulence upstream of
the device has a large effect on the wake recovery and further concluded that
the manner in which one defines the wake width has a profound impact on
the reported wake shape, with the later finding having a significant impact
on the potential for the development of wake models for array optimisation
[9]. A study with single turbines has also considered the effects of wide,
shallow channels, to try and match possible geometric conditions in ocean
channels, which found only small levels of asymmetry in the wake expansion
[6]. A similar, high fidelity set of measurements using an Acoustic Doppler
Velocimeter (ADV) in the wake of a turbine was published recently by Chen
et al.[10], who measured to 20 diameters downstream of the rotor. This low
ambient turbulence study with a relatively high blockage ratio of 16% by
turbine swept area found that the centre-line velocity recovered to 90% of
the free stream velocity approximately 11 diameters downstream of the rotor.
As seen in a previous Large Eddy Simulation (LES) study [11], it was found
that the stanchion had a significant influence over the wake in its immediate
vicinity, but this was limited to the near wake region.

Another aspect of wake development which has received a good deal of
attention are the development of turbulence characteristics within the wake.
Turbulence characteristics such as turbulence intensity, decay rate and level
of anisotropy are thought to play a central role in the wake recovery process
as well as in the application of HATTs. Investigations into the turbulence
produced in the near wake (between 1.5 and 7 diameters downstream of
rotor) were made by Tedds et al. [12] who noted that the rotation of the tur-
bine blades induced significant anisotropy into the turbulence, and suggested
therefore that numerical models which rely on the assumption of isotropic
turbulence (e.g. 2-equation RANS models) may struggle to accurately re-
produce the flow in this region. It was also noted that the rate of decay
of turbulence kinetic energy in the wake region was “significantly different
to that observed downstream of grids, meshes or perforated disks, suggest-
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ing that previous modelling approaches, which neglected swirl effects and
modelled the turbine by absorption discs, may significantly over predict the
turbulent kinetic energy (k) decay rate of HATT wakes.” [12]. This would
suggest that the quantitative results of porous discs may not be directly ap-
plicable to tidal turbines, however, qualitative effects such as those noted by
Blackmore et al. [13] could well still be applicable. Zhang et al. [14] also
studied the homogeneity of the turbulence in the wake of a lab-scale tidal
turbine.

A final aspect of wake development which has warranted attention are the
characteristics of the near wake region, particularly with respect to measure-
ments made in a phase locked manner to the turbine rotation. To this end,
Morandi et al.[6] conducted a flume study where measurements were made
immediately behind the turbine rotor. These measurements were phase-
locked with the turbine’s rotational frequency in order to identify how wake
features relate to the position of blades. The study demonstrated the com-
plexity of the near-wake structure, and also indicated that some features of
the near-wake such as the strength of the tangential velocity component, are
dependent on the turbine operating condition (tip-speed ratio). This was
also found in the work presented by Ebdon et al [9].

One approach which has been pursued since the wide scale introduction of
wind turbines (and subsequently as the field of tidal turbines has developed)
is to attempt to find an analytical or empirical method for the prediction of
the wake. The attraction of this approach is that a prediction of the effects
of the wake without the need to resolve the flow-field around the turbine
would potentially provide a quick method to predict the effects of a turbine
on its surrounding environment. Early work in this area was conducted by
Lissamann [15], who attempted to develop a “functional and dimensionally
correct” analytical model of turbine wakes, based on known profiles of jets
and plumes. Whilst no attempt was made to take into account the com-
plex physical interactions in the wake (presumably due to the limitations of
computational power at the time), Lissamann does include two turbulence
terms — one for the ambient turbulence and one for the turbulence generated
by the rotor itself, which are considered important to the development of
the wake. These terms are tuned to the limiting cases of a plume and jet
flow, and the model applied to wind farms to investigate farm power output
for different configurations and wind directions, with agreement to real wind
farms found to be reasonable considering uncertainties due to the instability
of meteorological conditions and the limited physics contained within the
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model. Jensen [16] developed an analytical model based on mass conserva-
tion considerations to produce a ‘top-hat’ lateral profile of velocity deficit
downstream of a wind turbine. The theoretical basis of this was adapted
by Frandsen et al.[17] to include both momentum and mass conservation,
and the resulting model applied to arrays of offshore wind turbines. The
‘top-hat’ profile, which underestimates velocity deficit at the centre of the
wake, and overestimates it at the wake edges, was replaced by Bastankhah
and Port “eAgel [18] with a Gaussian profile. This was shown to produce a
better match to downstream velocity profiles behind a wind turbine, when
compared to LES and experimental data.

Building on this work with wind turbine wakes, Lam and Chen [19] com-
bined axial momentum theory across an actuator disc with flume measure-
ments from Maganga et al. [4] to develop analytical equations for the pre-
diction of the axial velocity deficit and its lateral distribution downstream of
a tidal turbine. The equations for the wake prediction are based on work for
ship propellers. These equations were then improved upon to take into ac-
count the effects of the turbine hub in order to predict the region of “double-
dip” wake deficit seen in the near-wake region[70] in flows with low ambient
turbulence intensity. The improved equations were compared to wake mea-
surements made by Pinon et al. [20] in high ambient turbulence conditions,
and showed good agreement for the far wake. This model, however, relies on
using empirical data from the centreline velocity deficit of each turbine in or-
der to calibrate it. The disadvantage of these empirical and analytical models
lies in the fact that they are attempting to reproduce a wake using a rela-
tively small number of input variables. Real wakes are dependent on many
different factors and the complex physical interaction between these factors,
and therefore, whilst these empirical and analytical models can produce wake
predictions very quickly, their accuracy and ability to provide detailed infor-
mation about the wake will necessarily be limited due to the simplicity of
the underlying model. The accuracy can only be expected to suffer further
as turbines are grouped together into arrays, and further complexities are
added to the incoming flow such as vertical velocity shear profiles and ocean
bathymetry.

This paper seeks to add to the body of knowledge by considering both
wake structure and turbulence characteristics under combined inflow and
yawed turbine conditions. This work seeks to add experimental data and
findings to the research which will aid improved modelling and the develop-
ment of low-cost wake optimisation approaches which maybe able to consider
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yaw. To date such a study has, to the best of the authors knowledge, not
been completed.

The paper is organised as follows, in Section 2 the experimental design
and apparatus is detailed, we then start the results by presenting the time
averaged wake velocities (stream-wise and vertical) in Section 3.1. This is
followed by presentation of an analysis of how the turbine wake, if consid-
ered as an axis-symmetric wake, adheres to self similarity laws in Section
3.2. Turbulence characteristics measured in the wake are then considered in
Sections 3.3, 3.4 and 3.5, which inspect the turbulence kinetic energy gener-
ation and dissipation, the length scale of the turbulence generated and the
isotropy and structure of the turbulence generated in the wake, respectively.
Finally Section 4 summarises the main findings of the research.

2. Methodology

2.1. FExperimental Setup

Figure 1 shows a photograph of the experimental apparatus used to study
the impact of inflow turbulence and device yaw on the development of the
flow structures in the wake of a lab-scale HATT. Figure 2 shows the setup
as a series of plan-view schematics.

A lab-scale turbine was mounted on a 0.105 m diameter stanchion con-
nected to a supporting structure above the 4 x 2 x 18 m wave and current
flume at IFREMER, Boulogne-sur-Mer, as shown in Figure 1. The turbine
was mounted at three different yaw angles as designated in Figure 2a, the
yaw angles tested were 0°,20° and —20°. The hub height was set to 1 m
below the water surface and centred in the cross-stream direction, at 2 m
from each side wall, as seen in Figure 2.

The origin of the coordinate system used throughout the paper is shown
in Figure 2 and sets the origin at the centre of the hub for the 0° yaw case.
Yawing the device anti-clockwise was given a negative designation where the
turbine hub moves in the negative y-direction. Finally, the z-direction is
aligned with the vertical position in the water column, again with the origin
at hub height for the 0° yaw case, downwards is designated as positive and
upwards as negative.

For all cases the turbine stanchion was kept in a fixed position leading
to movement of the rotor position laterally (y-direction), the position of
the turbine hub and blade extremes will be presented in the charts where
necessary, as illustrated in Figure 2. Finally, the points on the charts show

6
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where the flow velocity in the wake was measured via a 3-Dimension Laser
Doppler Velocimeter (LDV).

Two broad inflow conditions were generated with similar stream-wise ve-
locity magnitude but with significantly different levels of inflow turbulence
intensity. This was achieved by repeating the tests twice with and without
the flow straightener installed in the flume. The flow straighteners are used
to straighten the flow direction, break down larger flow structures and re-
duce the overall turbulence level in the flow. The test cases with the flow
straighteners are designated the Low Turbulence Intensity (LTI) cases and
the tests without the flow straighteners are designated High Turbulence In-
tensity (HTI) cases.

Figure 1: A photograph of the test setup at the IFREMER test facility, the photo shows
the lab-scale tidal turbine and the 3-D LDV measurement apparatus used - the picture
shows a measurement being taken in the near wake z/D = 2.

2.2. Lab-Scale Tidal Device

The lab-scale turbine utilised in the experiments presented herein was de-
veloped by Allmark et al [21] and has been tested thoroughly under a variety
of flow conditions, including wave flows [22] [23] [24], profiled flows [25], wake
flows [9] and turbulent flows [8]. The device used is one of three produced
and is of 0.9 m diameter, utilising blades created with a modified Wortmann
FX63-137 airfoil, the exact blade details can be found in [26]. The device
is controlled by a Permanent Magnet Synchronous Machine (PMSM) which
can be operated in speed or torque (load) control - for these experiments

7
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speed control was used to maintain a stable rotational velocity within 41
RPM of the target. The Permanent Magnet Synchronous Machine (PMSM)
was mounted in a direct-drive configuration where the rotational velocity was
measured via an encoder which was utilised for vector oriented control [24].
A torque/thrust transducer developed by Applied Measurements is mounted
within the drive-train directly behind the turbine rotor, upstream of any
seals or bearings. Blade root bending moments are measured on each blade
using a series of full-bridge strain gauges, installed by Applied Measurements
- the signals for the bridge are amplified in the turbine nose cone. The data
was collected by various data acquisition cards mounted within a National
Instruments Compact Rio and sampled at 200 Hz.

2.8. Wake Measurement

A 3-Dimension Laser Doppler Velocimeter (LDV) system was used to
measure the fluid velocity at the turbine rotor plane and throughout the
near-to-mid wake. The 3D LDV system used 6 laser beams to measure three
components of the fluid velocity, u, v and w, aligned with the z, y and z
axes, respectively - see Figure 2. The lasers used to measure the flow had
wavelengths of 514 nm, 466 nm and 532 nm with the raw data requiring
projection onto the x, y and z axis. The 3D LDV requires that the flume
tank is seeded with reflective particles which in this case are silver coated glass
particles of 10 pm diameter - the particles are small enough to have minimal
impact on the flow but large enough to reflect enough light to achieve a good
signal-to-noise ratio. The 3D LDV has a variable sample rate, as a seeding
particle must pass through two converging lasers to make a measurement.
The sample rate is therefore related to the number of seeding particles used
and for these experiments the level of seeding resulted in an average sample
rate of 182 Hz. However, to process the data consistently the readings were
re-sampled to a common sample rate of 170 Hz.

The flow velocity at the rotor plane (without the turbine installed) was
measured prior to the experiments with 3D LDV mounted inline with the
eventual rotor location, measuring various points in a cross formation span-
ning the device rotor. The locations of the measurement points are also
shown in Figure 2b and 2b.

For each yaw angle and turbulence intensity combination the near to mid
wake of the turbine was measured via a 3D LDV. The near-to-mid wake was
measured, with the turbine set to a fixed rotational velocity, and the points
measured are highlighted in Figures 2b and 2c. For each wake map the

8
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turbine was operated at approximately 75 RPM or 7.85 rad /s which resulted
in an average tip-speed ratio (A) of A = 4 which has been previously found to
give peak power output for the lab-scale turbine [21]. During the LTI cases
the 3D LDV data was captured for 150 s whereas for the HTI cases each
wake point was recorded for 300 s.

2.4. Rotor Plane Conditions

The recirculating flume was setup to have an upstream velocity of, u,, ~
1.1 ms! and the tests were undertaken with and without honeycomb flow
straighteners installed to give two test cases, LTI (with straighteners, T'1 ~
2%) and HTI (without flow straighteners, T'T ~ 15%).

Here, w is the time averaged stream-wise velocity derived from the 3D
LDV measurements by Equation 1, where At is the time period between
subsequent samples and N is the number of sample points, finally u(t) is
the stream-wise fluid velocity recorded via the 3D LDV at a given location
- similar expressions were used to average the v and w velocity components
to give U and w. The 3 dimensional Turbulence Intensity (TI) is given by
Equation 2.

An estimation of the integral time scale, 7, was achieved by numeri-
cally integrating the auto-correlation function over time from 0 to 7j, where
Ty represents the time lag corresponding to the first zero-crossing of the
auto-correlation function [27]. Subsequently, the integral length scale can
be determined using the formula £ = Uy - 7. The auto-correlation and the
integral used to develop an estimate of 7 are defined in Equations 3 and 4,
respectively.

The resultant inflow conditions measured at the turbine rotor plane prior
to installation are displayed for the LTI and HTI cases against cross-stream
position and vertical position in Figures 3 and 4, respectively. Table 1 shows
the resultant inflow characteristics averaged over the turbine rotor.

Figures 3 and 4 show that consistent results were achieved with the flume
settings yielding two test cases with two varying levels of turbulent inflow
as desired. However, in the process of removing the flow straighteners an
overall rotation is imposed on the flow - this can be seen in the flow profile
for w in Figure 3b and the flow profile observed for v in Figure 4b. The
rotation of the flow is of an opposite orientation to the rotational velocity
of the lab-scale turbine. Therefore the rotation imposed on the flow by the
HATT rotor will be in the same sense or direction as overall rotation of the
flow. As this rotation was unavoidable without excessive additional time and
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Figure 2: Schematic of the LDV measurement points for turbulence level and the turbine
postions for each of the yawed flow cases, (a) shows the measurement positions for the LDV
under the LTI cases, (b) shows the LDV measurement positions under the HTT cases and
(c) shows the turbine positions for the three yaw angle setting. Note: the green squares
show the rotor plane survey measurement positions, which were taken prior to the turbine
installation for both the LTI and HTT cases, ® illustrate a vector pointing out of page and
® illustrates vector pointing into the page.
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expense, the testing proceeded and the impact of the overall flow rotation is
discussed throughout as required.
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TI
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T— /0 " Rty - ar (3)

=

x 100 (2)

where

Ry = S ()

Table 1: Average flow characteristics at the rotor plane before installation of the turbine.

LTI HTI
U 1.08m/s 1.05m/s
TI 148%  13.06 %
£ 083m  058m

2.5. Reynolds, Froude Number Scaling and Blockage Ratio

In developing lab-scale experiments care should be taken when scaling dy-
namic, kinematic and geometric aspects, to ensure the results can be utilised
at full-scale. To this end both the Reynolds number (Re) and Froude number
(F'r) were considered when developing the experiments.

Re quantifies the ratio of momentum forces to viscous forces within a
given flow and is defined as used here in Equation 5. It is generally infeasi-
ble to achieve Re number equality between lab-scale and large scale testing,
however many non-dimensional parameters have been shown to become Re
independent for Re values between 0.5 x 10° to 1 x 10°, depending on the
rotor geometry [28]. The Re for the experiments developed, based on the
chord length at r/R = 0.7 was Regy = 0.9 x 10°, which has been shown pre-
viously to develop a flow regime whereby non-dimensional power and loading
coefficients become independent of Re [28].
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(b) Rotor plane flow characteristics with cross-stream position, HTI Cases

Figure 3: The inflow characteristics (U, T1 and L) recorded at the Rotor plane of the
lab-scale tidal turbine plotted against cross-stream position.
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Figure 4: The inflow characteristics (U, TT and L) recorded at the Rotor plane of the
lab-scale tidal turbine, plotted against vertical position.
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_ PsCo7 (5)
1

Fr quantifies the relative impact of inertial forces relative to gravitational
forces and is calculated here using the hub depth and free-stream velocity
using Equation 6. F'r for the testing setup described was Frp,, = 0.25. This
is compared to F'r numbers ranging between 0.15 and 0.21 for large scale
tidal devices operating in flows of 3 ms™' at hub depths between 20 and 40
m. This is inline with the values reported in literature (Fr = 0.143 in [29] )
and together with the Re number achieved, the test are thought to balance
of the dynamics of inertial, viscous and gravitational forces appropriately.

(6)

Re

v
Vi D
The blockage ratio, B is utilised to acknowledge that in flume testing
the flow is constrained by the flume walls when compared to the open ocean.
Numerous studies have shown that more fluid is forced through the rotor, as it
is unable to freely pass around the rotor due to the flume walls, and therefore
elevated power and loading values are recorded [30][31][32]. Similarly, the
effect of the flow being constrained also impacts the development of flow in
the wake of a given HATT - however for wind turbines it has been shown
that blockage ratios of < 0.09 have minimal impact wake mixing whereas
blocakge ratios if 0.2 had a significant impact on mean stream-wise velocity
in the wake [33]. The blockage ratio used here is given by Equation 7, where
Ay is the swept area of the turbine rotor and Ap is the cross-sectional area
of the flume. For the testing detailed herein a blockage ratio of B = 0.08 or
8% was achieved.

Fr =

A
B = e (7)

2.6. Thrust Coefficient and Blockage Correction

As the blockage level of, 8%, was fixed and unavoidable, blockage cor-
rection of the rotor non-dimensional thrust coefficient, Cr, was considered.
Here, the C7 is defined in Equation 8, where u,, is the rotor plane velocity
prior to turbine installation. The blockage correction developed by Bahaj
et al was used [2] to correct the thrust coefficient to represent the turbine
performance in an unbounded flow. The Cr values, both measured and cor-
rected are given in Table 2. Here, the authors note that the levels will have
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an effect on the wake progression, where observable these effects are noted
throughout.

T

SPAuZ,

Cr (8)

Table 2: Thrust Coefficient, Cr, before and after blockage correction for both LTI and
HTT cases.

Blockage
Measured Cr Corrected Cr
LTI, ® =0° 0.988 0.900
LTI, & = 20° 0.924 0.854
LTI, & = —20° 0.926 0.860
HTI, & =0° 0.993 0.903
HTI, & = 20° 0.917 0.849
HTI, & = —20° 0.935 0.862

3. Wake Characteristics

3.1. Time-Average Flow Velocities

This section presents a summary of the wake structures measured in terms
of the average velocity and velocity deficit in the principle orientations of in-
terest, z (u) and z (w). The results of applying Equation 1 to the measured
flow data are presented in Figures 5 to 8 for a horizontal plane, positioned
vertically at the rotor hub centre. Figure 5 shows the velocity deficit de-
rived from the average stream-wise fluid velocity measured, the deficit u* is
given by Equation 9. Figure 7 shows the specific time-averaged vertical flow
velocity w, for each wake transect undertaken. In both Figure 5 and 7 the
results of the rotor plane map measurements, as detailed in Figure 2, are
shown in black. Figures 6 and 8 show linearly interpolated wake maps with
the turbine orientation and rotational axis highlighted.

u(z,y) = 1 - ) (©)

Uoo
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Firstly, we consider the stream-wise velocity wake structure, which is of
significance for array spacing, see [8] [34] [9]. An obvious finding shown in
both Figure 5 and 6 is that the ambient turbulence has a profound effect on
the wake recovery rate. During the LTI cases the wake deficit was found to
be significant at /D = 7, whereas this deficit was heavily diminished at the
same point for the HTI cases, this can be clearly seen for each yaw angle
case. This finding is inline with previous work undertaken in the area [9].
This finding is relatively intuitive as the increased ambient turbulence levels
in the HTT cases led to greater mixing of the slowed wake flow and accel-
erated bypass flow at the wake extremes which leads quicker wake recovery.
Yawing the turbine was not found to have a significant impact on the wake
recovery rate in the stream-wise direction for either turbulence intensity case.

In the LTI cases the asymmetry in blockage introduced under the yawed
cases led to a very slight asymmetry in the bypass flow where a marginally el-
evated value of the bypass flow was observed on the side with the smaller tip
clearance to the flume side created in the yawing process. For example, in the
¢ = 20°, LTI case, on the left hand side the deficit was u* = —0.06, whereas
on the more constrained right hand side the deficit was u* = —0.09, where
negative values show an increase in flow velocity. In the HTT cases, there was
an overall asymmetry to the bypass flow regime, which persists regardless of
the yaw angle and associated asymmetrical flow constraint - for example in
the ¢ = 0° case, on the left of the turbine u* = 0.09 was observed and on
the right «* = 0.04. The left hand bias in this case maybe related to asym-
metry in the upstream flow introduced by the removal of flow straighteners
which has already been observed in the Section 2.3. The accelerated bypass
flow diminished more quickly in the HTT case compared to the LTI due to
the increased mixing in the shear layer enabled by the turbulence in the flow.

In the near wake, 1 < x/D < 2, the particular contributions of the hub
and blade tips to the wake can be seen, particularly at ¢ = 0°. These struc-
tures have been shown to be heavily dependent on the A-value setting for the
experiments. The structures from these individual effects were observed for
larger /D in the LTI cases (x/D = 2.5) and were less persistent in the HTT
cases, where they were less prominent at the /D = 1.0 and were destroyed
by x/D = 1.5. In the yawed cases the effects of the turbine hub/nacelle
and the blade tip structures, created when shadowing the hub/nacelle, were
merged. This led to a combined larger deficit at the tank centre line (between
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hub and right blade extreme for ¢ = —20° and between hub and left blade
extreme for ¢ = 20°). These merged artefacts were dissipated over similar
distances as the separate blade and hub deficits in the ¢ = 0° yaw case - this
was true of both the LTI and HTT cases, where rotor/nacelle specific deficits
were destroyed by x/D = 2.5 and x/D = 1.5, respectively.

The stream-wise velocity map shown in Figure 6 highlights the degree of
wake skew observed in the experiments. Here, wake skew is defined as the
angle between the turbine rotational axis and the wake axis. The wake maps
show that for the LTT cases the orientation of the wake skew was generally
found to be inline with momentum theory, i.e. the wake axis is deviated from
the stream-wise flow axis in the opposite direction to the turbine yaw direc-
tion [35]. Here this deviation can be explained by the reaction force applied
by the turbine rotor to the flow which will be equal and opposite to the load
developed on the turbine - the load developed on the device acts along the
turbine rotational axis in a positive sense and the load applied to the fluid
acts along the same axis but in the negative sense, skewing the wake in the
opposite direction to the turbine yaw angle.

The clear agreement with the theoretical approaches noted above was not
as strong for the HTT where a more complex wake development was observed
for the yawed turbine cases. Initially, the wake is most drastic behind the
hub/nacelle and blade tip regions, as noted above, then the position of the
maximum deficit meanders to the opposite side of the turbine centre-line (at
differing positions for either yaw case) and finally the position of the largest
deficit returns to the nacelle-blade combined side creating a curved wake
path. The persistence of the merged effect of the hub/nacelle and blade tip
extreme was more pronounced in the ¢ = —20° case. This finding suggests
that ambient turbulence intensity may impact the wake skew under yawed
flows; although, as can be seen in Figure 3b, a significant depth wise velocity
profile in the HTT case make this finding difficult to generalise.

Figures 7 and 8 show the depth-wise velocity for a horizontal plane
through the centre of the turbine hub. In the LTI case the depth-wise ve-
locities recorded show that the wake is rotating in an opposite direction to
the turbine rotation as expected, with the centre of rotation shifted to the
position of the turbine hub for the ¢ = —20° and ¢ = 0° cases. However,
for the ¢ = 20° case the centre of rotation is shifted towards the right hand
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Figure 5: Time averaged stream-wise flow velocity with downstream and cross-stream
position for the (a) LTI cases and (b) HTT cases. NOTE: Coloured x-axis show differing
x-limits to better display data.
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Figure 6: Time averaged stream-wise flow velocity wake map with downstream and cross-
stream position for the (a) LTI cases and (b) HTI cases. Dotted line projecting from the

turbine sketch shows the turbine axis.
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side of the turbine and shifts increasingly in this direction with downstream
distance. In the yawed cases the extent of the induced depth-wise velocity is
reduced slightly for the two yawed cases (¢ = —20° and ¢ = 20°) in compar-
ison to the non-yawed case (¢ = 0°).

As shown in Figure 7b, developing a clear picture of the depth-wise ve-
locity generated by the device is difficult due to the inherent rotation in the
ambient flow as discussed in Section 2.3. However, in the near wake, at
x/D =1, an increased magnitude of depth-wise velocity can be seen. As in
the LTT case the opposing direction either side of a centre of rotation, where
w = 0 m/s, show that the wake rotates in the opposite direction to the tur-
bine rotation, to a greater degree than the ambient flow. Very quickly, by
1.5 < x/D < 2, the depth-wise velocities induced by the rotor are dissipated
towards the inherent depth-wise profile observed in the ambient flow. Figure
8 shows that the effect of wake skew can be seen in the depth-wise velocity
maps, particularly for the LTT cases.

3.2. Self Similarity and Wake Centre

In this section we consider the structure of the wake from the point of
view of its progression and expansion under effective normalisation. Such a
manner of viewing wake development is known as a self similarity which, if
present, means that the structure of the wake is independent of downstream
position when appropriately normalised. Self similarity is well understood
for the development of plane wakes behind foundational geometries such as
spheres [36], airfoils [37], and disks [38] and we use these formulations with
some minor modifications to account for the yawed inflow conditions.

Self similarity has been used previously in the context of tidal energy [39]
and is the source of on-going research in the pursuit of improved optimisation
of the array structures of tidal farms [34] [40]. The advantage of imposing self
similarity on wake development is that the stream-wise velocity field in the
wake of tidal stream turbines can be expressed as a set of ordinary differential
equations rather than the full Navier-Stokes equations. Such a simplification
can be incredibly useful when trying to optimise array structures in realistic
channels.
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Figure 7: Time averaged vertical flow velocity with downstream and cross-stream position
for the (a) LTI cases and (b) HTT cases.
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Figure 8: Time averaged Cross-stream flow velocity wake map with downstream and cross-
stream position for the (a) LTI cases and (b) HTI cases. Dotted line projecting from the
turbine sketch shows the turbine axis.
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Here, we consider similarity for the stream-wise velocity field and consider
the velocity field at a given horizontal plane (in this case the one vertically
aligned with the hub centre). Self similarity is confirmed, if the stream-wise
velocity, which is a function of x and y co-ordinates, can be normalized in
such a way that it can be written as a function of a single non-dimensional
cross-stream co-ordinate &.

Equations 10 to 13 show the definitions required to normalise a plane or
axisymmetric wake [41]. In Equation 10 the non-dimensional scale parame-
ter, &, for the cross-stream position is defined. The parameter is generated by
normalising the cross stream position by the distance from the cross-stream
position associated with a characteristic velocity deficit to the point where
the velocity deficit is half of the given characteristic deficit - Equation 11
defines this characteristic length YL In case of axis-symmetric wakes the
characteristic deficit is the deficit relative to the stream velocity, u., that
occurs at y., as shown in Equation 12. Finally, we define the self similar
velocity deficit in Equation 13, which is purely a function of ¢ and has no
dependence on x.

oy
= ot (10

u(z, ﬁ:y%,O) = U — %us(:p) (11)
Us(T) = Uoo — u(z, Y, 0) (12)
o = Tt e (13)

In developing a self similar description of the wakes measured, we note
that the goal of the analysis is to search for approximate self similarity which
may not be observable in the near wake - indeed some studies show consis-
tent self similarity only occurs after z/D = 8, [34]. Furthermore, as a novel
contribution and particular to yawed inflow, we define y. using a simple mo-
mentum theory treatment of wake development under constant or steady yaw
to give an estimate of the wake skew angle and following this the position of
yq utilised in Equation 12. In this regard we use the results from Glauert’s
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analysis of the momentum through an auto-gyro to give the expression in
Equation 14 for the wake skew angle [42].

Xx=0(1+03(1—+/1-Crp)) (14)

The results of this process are presented in Figure 9, where the upper

charts show the self similar deficit against normalised cross-stream position

for the LTI Cases and the lower charts show the same data for the HTI

cases. FEach chart is compared with the analytical expression for the self
similar deficit as shown on the right hand side of Equation 13.

In both sets of charts the data shows some reasonable adherence to the
underlying self similar function given by the right hand side of Equation 13.
In the case of the LTI in-flow turbulence setting, it can be seen that the
largest deviations from self similarity were in the near to mid wake tran-
sects (< 3z/D) and in the bypass flow regions. The former statement shows
that the wake structure in the near to mid wake region is still dominated by
the turbine geometry and therefore 1. is not necessarily the largest deficit
recorded as would be the case for purely plane or axisymmetric wakes - this
is why we observe values of f(§) > 1 for portions of these transects. The
second statement shows that, as expected and discussed in Section 2.6, the
constraints of the recirculating flume have an impact on the self similarity
findings outside of the turbine swept area where accelerated bypass flow leads
to deviations from the expected curve.

Perhaps surprisingly, relatively good adherence for all yaw angles was ob-
served for mid to far wake transects at the LTI setting. As expected very
good agreement with the normal self similar curve was found for the far wake
under the ¢ = 0° case, particularly for |{| < 1. In the yawed flow cases there
where more deviations from the theoretical curves and the self similar wake
showed significant skewing in the bypass flow regions. It was also observed
that, the greatest adherence to the theoretical curve was for /D = 4.0 and
x/D = 5.5 rather than x/D = 7.0 as expected - this is likely to show that
the wake centre-line deviates from the theoretical position based on the ex-
pression in Equation 14.

In the HTT inflow cases, the non-yawed case showed very good agreement
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with the theoretical self-similar wake shape, other than in the outer regions,
again suggesting the impact of the upstream flow characteristics, the block-
age effect and the associated bypass flow acceleration. Furthermore, in the no
yaw (¢ = 0) case the approximate adherence to self similarity was observed
for all transects. Similarly, both yawed inflow cases exhibited deviation from
the expected curves at value of |£]| > 1 due to the bypass flow.

Interestingly, under both yawed flow cases there is poor agreement or a
lack of self similarity for transects in the near wake and far wake, but good
agreement or similarity in the mid wake. The authors suggest that this is
due to the dominance of the turbine geometry in the flow structure in the
near wake and deviation of the wake centre from y, = x X tan(x — ¢) in the
far wake, as predicted by Equation 14.

To study the wake progression in more detail and to understand the re-
gions where self similarity was less consistent, the value of y, was optimised
to give the best adherence to the analytical function given in Equation 13.
This was done by searching the cross-stream position to set y, to give the
smallest sum of squared error between the wake measurement points and the
aforementioned analytical function. The results of this process are shown in
Figure 10. Again the upper charts show the LTI cases and the lower charts
show the HTI cases. Under this new approach all cases show a good degree
of self similarity for transects in the mid to far wake regions i.e. /D > 3 -
with the exception of the points in the outer wake, || > 1, again as a result
of the by-pass flow. The development of the centre-line of the wakes, as cal-
culated utilising the momentum theory and via the optimisation described
is presented in Figure 11.

Figure 11 shows that the momentum theory predicts that the wakes
should have a slightly greater skewed angle for the LTI cases. This increase
in the wake skew angle for LTT is resultant from the dependence on C7 in
Equation 14 which is higher under the L'TT cases - here we note the agreement
with other findings where the average C value is inversely impacted by the
turbulence level in the flow, [27].

The optimised traces immediately show that viewing the wake centre from

the point of optimised self-similarity reveals that the extent of the wake pro-
gression along the skew angle is curtailed by the bounded flow and resultant
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Figure 9: Self Similar wake parameters for the stream-wise deficit recorded in the wake
of the turbine under high and low turbulence intensities, in this case the value of y., was
generated using momentum theory to define the wake skew angle, as detailed in Equation
14.
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bypass flow. In the LTI cases, the overall wake progression, after the near
wake region, agrees with the theoretical wake centre-line progression in over-
all direction but not in magnitude. Again for the LTI cases, the wake centre
position estimates, generated through the optimisation process, are depen-
dent on downstream position and plateau to a fixed wake offset of £0.45y/D.
The wake centre line progression calculated via the optimised self-similarity
approach shows an overall symmetry about the flume centre under the LTI
inflow conditions.

Under the HTT cases a more complex picture was observed via the self
similarity optimisation, where the wake centre meanders across the turbine
centre in the far wake such that the final position of wake centre line esti-
mated was contrary to the momentum theory position in both direction and
extent. In the HTT cases this complexity is compounded by an asymmetry
observed between the ¢ = 20° and ¢ = —20° cases, where in the ¢ = —20°
case we see the wake centre, calculated via the optimisation, meander across

the turbine centre line at a lower downstream position (F = 3) than the
¢ = 20° case (5 = 5.5). Whilst it is not clear why this wake meander-

ing occurs the authors suggest that the impact of the constrained flow is a
prominent aspect in ”straightening” the wake and potentially reversing its
lateral trajectory. The authors also note that an imbalance in the by-pass
flow shown in Figure 5, where in the HTI cases, a higher by-pass flow was
observed on the left hand side of the rotor. This is most evident in the ¢ = 0°
plot but can be seen in both the ¢ = 20°, where the imbalance is exacerbated
by the yawed device and the ¢ = —20° where the expected symmetry with
the ¢ = 20° was not observed.

3.3. Turbulent Kinetic Energy and Dissipation Rate

In the following subsection we discuss the nature of the turbulence gen-
erated within the turbine wake, the turbulence in the wake will help further
mixing of the by-pass flow and has implications for the use of turbulence
closure models utilised in CFD.

Firstly we consider the Turbulent Kinetic Energy (k) development in the
wake. Turbulent kinetic energy, k, is defined in Equation 15, where the
overline signifies taking the time average for a given measurement position
as given in Equation 1. The balance of the kinetic energy of the turbulent
fluctuations induced by the turbine rotor, as described by the value £k, is
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Figure 10: Self Similar wake parameters for the stream-wise deficit recorded in the wake
of the turbine under high and low turbulence intensities, in this case the value of y., was
generated using by minimising the sum of squared error between the theoretical value of
f(€) and the measured values.
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Figure 11: Chart showing the wake centre-lines as calculated using the momentum theory
and by optimising the adherence of the wake to the self similar function f(£) = e=%¢.
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crucial to understanding the physical processes in the wake and particularly
important in turbulence modelling. Figure 12 shows the turbulent kinetic
energy, k, measured via the 3-component 3D LDV for each of the cases tested,
Figure 12a shows the LTI cases and Figure 12b shows the HTT cases - where &
is shown with cross-stream position (y/D, x-axis) and downstream position
(x/D, plot colours).

1
k‘: §(ul2+vl2+wl2) (15)

Figure 12a shows the measured k for each LDV measurement position
and yaw case, immediately apparent, and unsurprisingly, the turbine rotor
is converting energy from the inflow to turbulent energy in the wake which
is not fully dissipated by zz/D = 7 - as seen by comparing the black trace
to coloured traces. In the near wake, x/D = 1, the highest level of k is not
reached meaning there is further turbulence production moving downstream
of the rotor. In this region (1 < z/D < 1.5) the peak level of turbulent
kinetic energy produced was dependent on the yaw angle and peak k& values
of 0.035 m?/s? , 0.047 m?/s* and 0.070 m?/s® were observed for the yaw
cases, » = —20°, ¢ = 0° and ¢ = 20°, respectively. In this region the early
wake appeared to be dominated by the merged effects of the nacelle and
shadowed blade-tip as discussed in Section 3.1 - the aforementioned peaks
in k values occur between the hub and right blade for the ¢ = —20° case,
between the hub and left blade for the ¢ = 20° case and finally directly
behind the hub for the ¢ = 0° case. It should be noted here that the reduced
set of measurement positions for the LTI cases may have meant increases in
k due to high shear regions around blade tips which may have been missed
in this near wake region - particularly for the ¢ = 0° case, where no increase
in k£ at the blade tip regions was found.

Further downstream, the % in the wake is highest in the high shear regions
as expected, this resulted in three peaked regions at the hub/nacelle and
blade tips (left and right) for the ¢ = 0° case. The peaks associated with
the right blade and the nacelle for the ¢ = —20° case are merged as were
the peaks associated with left blade and the nacelle for the ¢ = 20° case. In
each of the yaw cases the k value associated with the non-shadowing blade
position at /D = 1.5 exhibited the highest k value - this peak was dissipated
or diffused by x/D = 2. In each of the yaw cases the turbulent kinetic energy
distribution is asymmetric with the position of the blade peaks moving from
outside the turbine radius towards the respective blade tip positions (left:
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¢ = —20° & right: ¢ = 20°). Finally, at /D = 7 slightly higher peak
turbulent kinetic energy was observed for the no yaw case, relative to the
yawed cases.

Figure 12b shows that in the HTT case the turbine also converted some
of the energy in the free stream flow into turbulent kinetic energy and in
the HTT case this energy was found to have mostly dissipated by z/D =7 -
albeit towards a higher ambient k-value than the LTT cases, as expected. In
the near wake, z/D < 2, the peaks associated with the higher shear regions
created by the blade tips and hubs/nacelles can be seen, along with the
aforementioned merging of the shadowed blade tip and hub /nacelle effects in
both yawed cases, these effects are dissipated by /D = 4 in all cases. The
generally higher levels of k, observed for the HTI cases, coincides with the
findings that the effects of shear structures and vertices are broken down at
a faster rate when the ambient or free stream turbulence is higher. Finally,
whilst the obvious structures associated with the blade tip regions and nacelle
are broken down more quickly in the HTT case, there is an overall asymmetry
in the turbulence kinetic energy introduced by yawing the turbine. These
asymmetries were found to persist for all downstream positions measured.
For each yaw case, k was asymmetric in the sense of higher relative k values
observed in the wake of the combined nacelle and blade extreme position -
i.e. y/D = 0.3 in the ¢ = —20° case and y/D = —0.3 in the ¢ = 20° case.

Closely related to the level of turbulent kinetic energy, &, throughout the
wake is the rate at which turbulence is converted to heat through molecular
interactions - the turbulence dissipation rate €. Generally, experiments have
shown that € is correlated to the k - indeed frequently it is considered that the
rate of turbulence production is equal to the rate of turbulence dissipation
for turbulent flows in equilibrium [43] [44]. Furthermore, assumptions on the
nature and transport of both k£ and e are utilised in CFD models to generate
relationships for closing the Navier-Stokes relationships, for example in the
commonly used k-e approach to modelling turbulence which is very popular
in modelling tidal stream devices [44].

The turbulence dissipation rate, €, is calculated from LDV measurements
by assuming the turbulence spectra measured are of the form Cy/K?, as shown
by the approximate relation in Equation 16. Here, K is the wave number
given by I = 27“, where [ is an arbitrary length scale of the turbulent flow
and in the case of the spectra proceeds from larger length scales to smaller
length scales with increasing K - in this case the wave number index for the
spectra were generated using Taylor’s hypothesis that motion of each length
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Figure 12: Turbulent kinetic energy, k, with downstream and cross-stream position for the
(a) LTI cases and (b) HTT cases.
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scale past a given point is driven by the global average flow velocity, Us.
This gives K = %, where f is the standard frequency index for a developed
spectra.

Then, using least squares regression the assumed function, CoC?, is fitted
to the data in the inertial range portion of the spectra yielding an estimate
of Cp assuming 5 ~ —5/3. The spectrum is related to € by Kolomogoroft’s
2nd similarity hypothesis, which states that statistics of motions on scales
within the inertial subrange are uniquely determined by €. Such a hypothesis
is expressed by the equality in Equation 16, where C = 1.5 as observed in
experiments [45][46]. The right hand side of Equation 16 can be equated
to the fitted form of the spectra using the value of Cj generated through
the least square regression and rearranged to give an estimate of € given by
Equation 17.

E(K) ~ CoKP = C&¥PKP (16)

- ()" .

Figure 13a shows the relationship between k£ and € and downstream posi-
tion for the wake measurements made at LTI, whereas Figure 13a shows the
same relationship for the HTT case. Figure 13a shows a reasonable correla-
tion between the observed k values and the estimated dissipation rate, €, as
expected. In the near mid-wake the correlation is a little steeper indicating
higher dissipation rates in regions in close proximity to the turbulence gen-
erated by the turbine rotor, for these cases there were also slight variations
between the yaw angle cases with a particularly steep gradient observed for
the ¢ = 0° case. In the far wake very similar results were observed across
all cases and generally there was a reduction in the correlation between the
turbulent energy and dissipation level in the flow with both tending towards
zero for the transects measured furthest downstream.

Figure 13b, again, shows a clear correlation between turbulent energy
and dissipation, this relationship is consistent for the far wake measurements
(5 > 4) and shows a minimal level of turbulent dissipation, inline with
the turbulence generated by the overall flow regime. In the near to mid
wake region (1 < & < 4) a non-linear relationship develops. In the ¢ = 0°
case there is an almost asymptotic relationship whereby small increases in
turbulent energy result in large increases in dissipation rate, showing the local
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Figure 13: Turbulent energy dissipation rate, €, with downstream and cross-stream posi-
tion for the (a) LTI cases and (b) HTT cases.
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adaptation of dissipation to maintain equilibrium. The highest dissipation
rates were observed in the ¢ = 0° case. Accompanying the lower dissipation
rates observed in the yawed inflow cases, are regions of high dissipation rate
with relatively low turbulent energy, creating an almost inverse trend - it is
not clear why this relationship develops but it is potentially caused by a lack
redistribution of turbulent energy via diffusion or convection. Finally, the
authors note the broad adherence within the figures to a polynomial form
which may be related to an expression that can be developed via dimensional
considerations relating, k and € - such an expression is given in Equation 18,

where v is the eddy viscosity which to generate the expression it is assumed
that, vr = f(e, k).

€= ﬂkz (18)

vr
This finding is more clearly adhered to at greater distances downstream
of the turbine. where as one moves downstream the return to isotropic tur-
bulence can be observed. Clearly then, the geometric structures associated
with the turbulence generated via the turbine rotor are broken down, when
moving away from the turbine rotor.

3.4. Integral Length Scale

To further integrate the structure of the turbulence generated in the tur-
bine wake, an assessment of the integral length scale, denoted as L, linked
to the stream-wise velocity fluctuations was conducted. This analysis aimed
to gain insights into how the large-scale turbulent structures evolved with
cross-stream and downstream position.

Figure 14a and 14b shows the £ for the LTT and HTT cases, respectively for
each of the yaw cases. In the LTI case, Figure 14a, a clear reduction in length
scale can be viewed in the near wake which is of a similar size (£ < 0.1m)
for each of the yaw cases. The length scale then grows with downstream
distance to £ ~ 0.2m at F = 7.0, where the length scale remains significantly
smaller than observed upstream of the turbine. Here, the consistent growth
of turbulence length scale with downstream distance is in agreement with
other similar studies and shows the complex interaction of unfurling vortical
structures, the inertial sub-range where eddies are broken down and the
ultimate destruction of smaller eddies via viscous dissipation. In the bypass
flow, (0.5 < 4 > 0.5), length scales of a similar size 0.5 < £ < 1 can be
observed.
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Under the HTI cases, a reduction in length scale can be seen in the
transects below & = 2, where in the % = 1.0 transects, length scale in the
region of 0.25m were observed. The higher ambient turbulence throughout
the flow has sped up the elongation of measured lengths scale via more rapid
unfurling and mixing of larger flow structures. Very quickly a chaotic picture
ensues with lengths scales in the order of the those found at the rotor plane,

this is true for all yaw cases after 5 > 2.0.

3.5. Turbulence Isotropy

The final aspect of the analysis presented is to consider the anisotropy
of turbulence in the wake under the influence of yawed inflow at the LTI
and HTT test cases. The anisotropy is studied here utilising the 'Lumley
Triangle’, developed by Choi and Lumley [47], which has been utilised in the
description of the turbulence in the wake of HATTs previously [12][48][49].
Anisotropy, can show the presence of coherent structures in turbulent flows
[50] and has an impact on the turbulence methods utilised within CFD mod-
els which often assume isotropic turbulence [12]. Understanding the return
to isotropy under the test cases measured will help develop an understanding
of how to appropriately model turbulence in the wake of HATTs and on the
propagation of coherent structures such as tip vertices.

The turbulence triangle is derived by considering the anisotropy of the
Reynolds stresses, W, which can be characterised via the anisotropy tensor,
bi; given by Equation 19, where k& is defined as shown previously in Equation
15 and the indices ¢ and j indicate differing Cartesian directions x,y, z asso-
ciated with the velocity components (u,v,w) and finally, d;; is the Kronecker
delta where 6;; = 1, if i = j and d;; = 0, otherwise. Here, b;; is a 2" rank ten-
sor, which is symmetric and has zero trace and tends to zero when turbulence
becomes isotropic [47]. The anisotropy tensor being of rank 2, has a set of
three principle invariants which by definition do not change under a change
of basis, these invariants (I, I1, and II1), are defined in Equation 20, where
A1, A and A3 are the eigenvalues associated with the eigenvector-eigenvalue
decomposition of the anisotropy tensor.

These invariants can then be utilised to define the boundaries of the
turbulent triangle via variables £ and 7n defined in Equation 21. Figure 15,
adapted from [49], shows how the values of £ and 7 can be interpreted.
The curved ’base’ of the Lumley triangle adheres to the following non-linear
relationship, n? = 1/27+2¢&% and shows where turbulent structrues become 2-
dimensional tending towards 1-dimensional at n = & = 1/3. Moving from the
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Figure 14: Integral length scale, £, with downstream and cross-stream position for the (a)
LTT cases and (b) HTI cases.

37



760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

e

778

779

780

781

origin, the sides of the triangle show axisymmetric turbulence where ¢ = —n
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Figures 16a and 16b show the Lumley triangles for the wake measured
under each condition. In the LTI case the inflow turbulence is minimal and
can be seen to have a prolate spheroid shape tending towards 2-D axisym-
metric turbulence. The effect of the rotor was to generate oblate spheroid
structures which were not present in the flow at the rotor plane prior to in-
stallation. No clear trajectory towards isotropic turbulence can be observed
and with downstream distance from the rotor one can see the flow tends
towards 2-D asymmetric elongated turbulent structures as observed prior to
turbine installation - however this tendency is not consistent across the differ-
ing yaw cases. The finding would suggest that the inlet turbulence requires
far greater mixing to developed isotropic turbulence at the inlet to the rotor.

Under the HTT case (Figure 16b) a more clear trajectory tending towards
isotropic turbulence was observed with downstream distance, however perfect
isotropic turbulence was not observed, neither prior to installation or in the
far wake. In the ¢ = —20° case the yawed rotor has generated clearly 2-
D axisymmetric elongated turbulence which is dissipated with downstream
position. Similar structures were introduced by the rotor in the ¢ = 0° case
and the ¢ = 20° case but not to the same degree. In all instances a minority of
measurement positions exhibited 2-D axisymmertic structures of the oblate
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Figure 15: Schematic of the interpretation of the Lumley triangle utilised to analyse the
shape of the turbulent structures in the wake of the HATT. [49]

spheroid shape, this was more pronounced in the ¢ = 0° and ¢ = 20° cases.
As expected, due to observations in [12] [48] and [49], in the near wake
elongated axis symmetric turbulence is generated by the rotor. Again, inline
with previous studies no fully isotropic turbulence was observed by z/D =
7.0. However, the authors note the varying levels and characteristics of the
anisotropy observed between the three experiments and those presented here,
suggesting that the inflow characteristics do have an impact on the findings.

To understanding in more detail the return to anisotropy, Figures 17 and
18 show the principle values of the anisotropy tensor, b; - the upper charts
shows the values inline with the rotor right side, the central charts show the
values inline with hub and the lower charts show the values aligned with the
left side of the rotor. The principle values show the degree of anisotropy in
each principle direction (x, y and z) and sum to zero, as the trace of the
anisotropy tensor is zero - Equation 20. Figures 17 and 18 show comparable
values to both [47] and [48]. We immediately see that the development of
the anisotorpy with downstream position in the turbulent wakes is a function
of inflow conditions (difference between Figures 17 and 18), cross-stream
position (difference between upper, middle and lower charts) and yaw angle
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Generally, the trajectory of the principles of the anisotropy tensor are
rather chaotic, this is particularly true under the LTI cases. Under the LTI
cases, each principle axis shows significant levels of anisotropy and one can
only roughly observe the tendency for each principle value to converge to a
fixed level with downstream position. Under the HTI cases more clear tra-
jectories can be observed - each principle value seems to converge to a given
level. Furthermore, in the HTT case the third principle, b33 (z-direction), has
a markedly smaller level than b, and bys.

Whilst the variations in the figures are rather chaotic, there is consis-
tency across both inflow conditions for the ¢ = 0° cases - here, the data
at either blade extreme is similar across each principle direction (upper and
lower charts are similar for all three lateral charts), suggesting a level of
symmetry about the rotational axis. This is in contrast with the principle
values recorded behind the hub and nacelle (central row of charts) which
interestingly show almost opposite tendencies to the blade extremes (this is
particularly clear in Figure 18).

In the ¢ = —20° and ¢ = 20° cases, very similar trajectories for the
anisotropy in all principle directions was observed behind the hub. Whereas
almost inverted roles were observed at the blade extremes - i.e. for by (x-
direction) the upstream blade generates a greater level of anisotropy such
that in the upper charts for ¢ = —20° higher values were observed and the
opposite in the lower charts.

4. Conclusions

This paper has discussed measurements of the flow velocity in the near to
mid wake of a HATT under laboratory conditions utilising the re-circulating
flume at IFREMER, Boulogne-sur-Mer, France. A 3D LDV system was used
to take point measurements of the flow at a pre-configured series of positions
in the turbine wake. Here we analyse the wake structure in the horizontal
plane aligned with the turbine rotor. The wakes were measured for three
turbine yaw angles as defined in Figure 2 for two differing T1 inflow settings.

The flow velocity deficit in the stream-wise direction showed that in-
deed the yawing of the turbine introduced a skewed wake. In the LTI cases
marginally faster recovery was observed for both the yawed cases but this
was not observed in the HTI cases. The rate of wake recovery was signif-
icantly higher in the HTI cases than in the LTI cases which is inline with
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Figure 17: Lumley triangle showing anisotropy of turbulence structures with downstream
and cross-stream position for the LTI cases.

other findings. The degree of deficit in the wakes observed was inline with
other experimental results also [12][9][48]. Consideration of the vertical ve-
locity induced by the rotor, structures similar to Rankine or Lamb-Oseen
[51] vortexes were observed, these were particularly clear for the LTI but
were obscured by a flume wide vorticity which masked these findings for
measurement positions x/D > 1.5D in the HTT case.

A degree of self similarity was observed for all wakes when combining self-
similarity theory and skew angle predictions developed by Glauert [42]. The
self similarity curves generated were generally very consistent for the no yaw
cases (¢ = 0°) under both TT settings. Under the yawed cases the inclusion
of the skew angle in setting the reference velocity for each transect facili-
tated a self similarity analysis of the skewed wakes which gave reasonable
results. An optimisation was performed to improve the adherence to the self
similar wake shape by selecting the wake centre-line (and reference) position
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(and value) that gave the best agreement to the aforementioned wake shape.
This approach gave a method of inspecting the wake centre-line with down-
stream position which was compared with the skewed wake centre predicted
by Glauert. This process uncovered a complex picture showing wake mean-
der - in some cases across the hub centre - but ultimately showed that the
inability of the wake to fully expand, due to the flume walls, had a significant
impact on the results. Even so, some evidence wake skewing and bending was
observed and could be useful in array power output optimisations. However,
further work is required in this regard, this work should either be undertaken
numerically or by conducting tests with a smaller blockage ratio.

The turbulence in the wake was analysed in terms of energy levels, k,
length scale, £, and anisotropy. The levels of turbulent kinetic energy in the
wake k, were clearly elevated by the turbine and peaks in £ were observed
aligned with blade extremes. Interestingly, the peaks were larger for the
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Figure 18: Lumley triangle showing anisotropy of turbulence structures with downstream
and cross-stream position for the HTT cases.
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LTT case than the HTI case with these high peak values only observed in
the yawed turbine cases. In all cases the peak levels of k increased between
1D and 1.5D downstream of the turbine. The coherence of high levels of &
aligned with the blade extremes and the hub dissipated more slowly under
LTT inflow and quickly under HTT inflow. The relationship between, k£ and
dissipation rate € was also explored and showed that in the mid wake a
parabolic relationship was observed but this was not the case in the near
wake. The parabolic relationship was observed after /D = 5.5 and x/D =
2.0 for the LTI and HTT cases, respectively. This relationship was consistent
across all yaw settings and can be developed from dimensional reasoning [43].

Analysis of the length scales of the turbulent structures in the wake
showed evidence that the turbine generated smaller structures than the am-
bient inflow. In the HTI cases these smaller structures grew quickly to sizes
similar to the inflow turbulence. In the case of the LTI inflow the smaller
structure persisted for longer and full growth to the inlet scales was not ob-
served. Growing length scales in HATT wake turbulence has been observed
previously and our study supports these findings.

The presence of the turbine also changed the anisotropy of the turbulence
- the observed changes were sensitive to the level and type anisotropy ob-
served in the inflow. Changes in the anisotropy in the LTI cases was chaotic
and a return to elongated 2-D axisymmetric structures, observed in the in-
flow, was not clearly observed - this was further observed in the chaotic traces
of the anisotropy tensor principle values. More consistent development of the
tensor invariants and the principle values were observed in the HTT cases.

This work showed the complexity of the wake development and the poten-
tial for wake skewing and bending which maybe useful in array optimisation.
The turbulence within the wake is complex and dependent on the inflow tur-
bulence and its structure as well as the control strategy of the rotor, in this
case speed control. This latter point needs further investigation and may
well give some insight to some of the effects discussed.
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