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| am writing to submit our manuscript entitled, “Output of a tidal farm in yawed flow and
varying turbulence using GAD-CFD,"” for consideration for publication in Ocean Engineering Journal.
This study compares the influence of yaw angle and upstream TI (turbulence intensity) on tidal
stream array performance. A generalised actuator disk-computational fluid dynamics (GAD-CFD)
model is used to conduct simulations on a three and fourteen turbine array arranged in two different
configurations. Firstly, simulations of both arrays are conducted in straight flow conditions to
understand the hydrodynamics around devices and evaluate their performance. The influence of
yaw angle and upstream TI (turbulence intensity) on both array performance was then studied.

Performance predictions for the three turbine array in straight flow conditions are in close
agreement with previous studies. In the fourteen tubine array, wake recovery to free-stream
conditions was better in the modified formation compared to the regular formation and the total
power output was increased by over 10%. Strong sensitivity of overall farm power and thrust was
found to exist in small variations in yaw angle. However, the overall wake structures were similar
irrespective of the yaw angle.

Finally, simulations of different turbulence intensities showed rapid decay shortly
downstream of the inlet. In all arrays, turbulence intensity had little effect on the thrust and power
of the upstream set of devices for the considered Tl range but greatly influenced the individual
downstream devices.
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Detailed Response to Reviewers

Reviewer #1: Comments addressed

We thank the reviewer for the positive and constructive comments.

1. 3.1: In line 21-22, the authors state “However, few works have been reported on tidal
turbines under yaw conditions”. However, In fact, there are many researchers studying this
question, Note that although some researchers discuss this question in their papers, they do
not add “yaw conditions” to the titles of their papers. therefore, authors should take these
work into consideration.

The progress in computational and experimental studies on tidal turbines under yaw
condition has been made clear in the manuscript. This can be seen in lines 21-82 of the new
version.

3.2: In line 605-607 and line 621-623, Ref. [18] and Ref. [13] seem to be the same.
We thank the reviewer for spotting this and has been corrected.

3.3: In line 53-54, authors use a phrase “energy source model”, should it be “momentum
source model” ?

This has been corrected in the new version o the paper. Lines 53-54 now line 65-66 reflect
the changes.

2. In line 73-84, authors introduce a new model “GAD-CFD”, however, authors do not clearly
explain the difference between the actuator disc model built in OpenFOAM and the GAD
model. And according to Ref. [26], the GAD model seem to be a variant of BEM model
rather than actuator disc model, the name “Generalised Actuator Disc” is confusing.
4.2 Similarly, in line 111-119, the descriptions about GAD model let me regard this model as
the actuator disc model built in OpenFOAM at beginning, and the latter can not generate
circumferential flow in the weak and do not need the parameters such as TSR and the design
detail of the blade. It may let readers misunderstand the method and thus question the
reliability of this study.

Momentum source term approaches to modelling turbines (of which BEM-CFD is a part)
can provide a good estimate of turbine power and thrust. These models provide an
approximation of the downstream wake and this is where the estimates vary. Actuator disks
models are the most simple to set up, but do not impart swirl on the wake. BEM-CFD
models correctly predict swirl, but as the effect is rotationally averaged, cannot produce a tip
vortex. Actuator line approaches show a tip vortex and the characteristic corkscrew wake
pattern. In all cases, the tip treatment is important for performance and wake extent;
performance losses and creation of turbulence in the wake edge must both exist and be
numerically consistent. With this in mind, the GAD-CFD model includes new improved
features such as a more concise downwash distribution computation, variation of foil
section, application of tip radius correction, variation of lift/drag curves with Reynolds
number and surface roughness. The use of analytical methods to successfully and effectively
predict the distribution of lift towards the tip of finite wing, have been demonstrated to
produce reasonable estimates of thrust and power [24]. Allowing for the variation of foil
section shape within the model adds to the refinements including the distribution of forces
along the foils. This helps produce slightly better characteristics closer to the rotor hub, and



also improved prediction in the stall region of the TSR range. A more detailed description of
the GAD-CFD model including the extended downwash distribution method and coupling
strategy to OpenFOAM's “simpleFoam" solver/validation is presented in reference [24]
and [25]. This has been included in the new version of the paper in lines 103-118 and lines
138-146.

4.3 Authors should give more information about the boundary layer mesh.

The GAD-CFD approach do not model the actual turbine geometry but uses momentum
source terms to represent the turbine. Details of the grid was given in lines 176-189 of the
old version, now lines 204-224 of the new version.

4.4 Authors should declare the solver they used

The GAD-CFD has been implemented in OpenFOAM CFD steady state solve
‘simpleFoam’. This has already been discussed in lines 142-151 of the old version, now
lines 138-146 in the new version.

6.1 The structure should be improved. The consistency of this paper seems to be weak. To
some degree, it may be better to let the two cases correspond to two first class heading
respectively. Then, the case descriptions and the results of the same cases should be under
the same first class heading.

The structure and consistency of the paper has been improved as requested by the reviewer.

In line 305-306 and line 338-342, the decrease in CP due to the misalignment seem to be too
large.

An under prediction of power was observed in the CP curve as well as slight over prediction
of thrust in Figure 4 in straight flow, = 0 and this could increase in yaw . The GAD-CFD
model only reports thrust acting directly on the rotor, thus a correction needs to be
calculated considering the fluid drag acting on the assembly. This issue has been examined
in [24], [30] and demonstrates good correlation for the combined results of thrust. RANS
based models including the GAD- CFD model are known to under-predict how much of the
energy exerted on the turbine will be converted into rotation on the blades and hence useful
power. This has also been reported by [35]. With this in mind the power characteristics

due to the misalignment correlates well and show similar trends to other yawed flow
investigations [10].



Reviewer #2: Comments addressed.

We thank the reviewer for the positive and constructive comments.

1.

This article has a lot of space and charts to analyze the impact of turbulent flow, but the
introduction needs to see the summary of such research; readers can not rely on the research
background to think about the necessity of turbulent flow research. Yawed inflow has been a
research direction for nearly 10 years. The author only gave three application examples of
actuator line approaches in the CFD review link, but the logic needs to be clarified. As far as
I understand, the three examples are not the progress of the research method, but if It is to
deepen the understanding of physical phenomena, the conclusions of the three studies need
to be described in the introduction part.

The examples given by the author on turbine modelling was to deepen the understanding of
physical phenomena. As requested by the reviewer, the conclusions of these studies have
been added in the introduction in lines 65-82 of the new version.

There are doubts about the setting of experimental conditions. One of the article's
conclusions is that the stagger configuration can enable tidal arrays to obtain higher power.
However, the two configurations for comparison do not control the same layout area.
Compared with the regular one, the stagger configuration expands the width of the tidal field
from 3D to 4D, and the length expands from 30D to 38D. Such an experimental setting may
reduce the convincingness of the conclusion. Please explain to the author.

The numerical simulation work was first compared with physical tank testing at § = 0 for a
three turbine arrangement and then additional simulation carried out at § = 4o & 8- to study
yaw effects. Based on the findings of the threee turbine arrangement, the GAD-CFD was
used to simulate a full-scale 14-turbine array in varied configuration at 3 = O, 2 and 8¢ to
understand the performance of the individual devices within the array and the hydrodynamic
flow structure between rotors. No physical tank testing was conducted for the full-scale 14
rotor array in the two configurations. First, a standard hypothetical staggered arrangement
of four rows with constant lateral and longitudinal spacing of 3.0 diameters and 10.0
diameters respectively (regular formation), was modelled. Then the array layout was altered
based on observations from the evaluation of the influence of spacing between devices on
performance in our earlier work in [29]. Both configurations were simulated in the same
computational domain and the results for 3 = 0, 2> and 8° showed the total power output to
be higher in the modified aray compared to the regular one. It is important to stress that each
of the results have been obtained using a fixed TSR and a time averaged representation of
the flow. It is likely that using the local TSR’s at the turbines as well as a transient model
could influence the results.

For the three turbine array, it is mentioned in the article that the actual turbulence intensity
of the incoming flow at the front turbine is 7%, 10%, and 10.5%, which is very important
for readers to understand the actual working conditions. After all, in actual engineering, the
measurement is also The intensity of turbulence at the installation location. In the fourteen-
turbine array case, the actual turbulence intensity of the front turbine also needs to be
explained.



In the physical tank testing experiments for the three turbine array, there was no facility to
control the turbulence intensity of the currents generated and was around 7% for the flow
velocity used in the experiments. This is approximately representative of some real world
tidal sites for periods of fast flows [26].

As already stated, there was no physical tank testing for the 14 turbine arrangement. The
turbulence intensities used at the inlets were 1%, 5% and 10%. These low values of
turbulence intensities are applicable here as the turbine arrays are placed in a wide channel
and therefore only extract a small fraction of the energy available to them. Future large-scale
generation will undoubtedly require the deployment of hundreds of devices at high-energy
locations. A couple of lines have been put in the paper to make this clear in lines 192-194
and 355-357 of the new version.

. For lines 18-22, the author calculated Cp data are 2.0%, 4.0%, 3.0%, and 5.0%. It may be a
coincidence, but please confirm that the calculation results are correct.

The overall power was reduced by 3.0% and 5.0% for B = 4- and 8 respectively compared
to the B = 0c case. Additionally, the thrust also reduced by 2.0% and 4.0% for 3 = 4 and 8
respectively compared to the f = 0c case. This has been made clear in lines 261-264 of the
new version.

. For lines 40-43, "A possible reason could be that the blockage by the two upstream turbines
straightens part of the flow to the primary turbine", the analysis here is rather vague, and it
should be explained based on the velocity composition.

When tidal arrays experience misalignment in flow conditions, the flow of water is no
longer aligned with the array but develops a crossflow across the plane of the array. This
will alter the thrust and torque as well as changing the effective direction of the turbine race.
The net sideforce will vary more than during straight ahead conditions resulting in a
decrease in effective inflow angle, especially to the downstream turbine. At the same time
the upstream turbines can also block and straighten the flow to the downstream turbine,
leading to a recovery in effective inflow angle to the downstream turbine. Lines 40-43, now
278-285 has been modified to reflect this.

. For lines 471-472, power and thrust are different research scopes, they are affected by yaw
inflow angle, so there is no need for comparison.

Comments addressed. Lines 471-472 now line 498 in the new version.
. For lines 485-486, "the overall farm power of the modified array was increased by over

10%.
"What conditions should be stated, is all yawed inflow and TI can be increased by 10%?



Compared to the regular staggered configuration at 3 = 0, the total power output of the
modified array was increased by over 10%. Wake recovery to freestream was also better in
the modified formation compared to the to the regular staggered configuration. This has
been made clear in lines 510-513 of the new version.

The solid lines should be also illustrated on the Figures 18-19.
As suggested by the reviewer, the solid lines in Figures 18-19 have been illustrated.
I found some minor mistakes in the language. Please remember to correct them, for

example, "the influence of yaw in the is" at lines 35-36; "as a results of" at lines 50-51.

We thank the reviewer for spotting this. We have corrected them in the new version.
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Output of a tidal farm in yawed flow and varying
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Abstract

Tidal stream turbine arrays will be subject to a range of flow conditions
throughout the tidal cycle and it is important for developers to have an un-
derstanding of the impact of these on array performance when planning site
design. A generalised actuator disk-computational fluid dynamics (GAD-
CFD) model is used to conduct simulations on a three and fourteen turbine
array arranged in two different configurations. Firstly, simulations of both
arrays are conducted in straight flow conditions to understand the hydro-
dynamics around devices and evaluate their performance. Performance pre-
dictions for the three turbine array in straight flow conditions are in close
agreement with previous studies. In the fourteen tubine array, wake recovery
to free-stream conditions was better in the modified formation compared to
the regular formation and the total power output was increased by over 10%.
The influence of yaw angle and upstream TI (turbulence intensity) on both
array performance was also studied. Strong sensitivity of overall farm power
and thrust was found to exist in small variations in yaw angle. However, the
overall wake structures were similar irrespective of the yaw angle.

Finally, simulations of different turbulence intensities showed rapid decay
shortly downstream of the inlet. In all arrays, turbulence intensity had little
effect on the thrust and power of the upstream set of devices for the consid-
ered TI range but greatly influenced the individual downstream devices.

Keywords: FloWave, GAD-CFD, Blade Element Momentum, Tidal
Energy, Tidal Turbine, Horizontal Axis Turbine
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1. Introduction

Tidal stream power generation is currently undergoing rapid progress-
ing as a reliable form of renewable energy due to the predictability of tidal
periods and magnitudes [1]. A number of sites across the world are being
identified and tidal current turbines installed in small arrays to generate and
export electricity to local networks [2]. However, a lot of the sites that have
been identified for installation of these devices exhibits some degree of mis-
alignment in incident flow, more especially in nearshore environments where
bathymetric and seabed frictional effects are significant. Misalignment in
incident flow or yawed inflow may also occur due to turbine support struc-
tures and the presence of upstream bluff bodies [3]. When a tidal current
turbine experiences misalignment in incident flow or yawed inflow, the flow
of water is no longer aligned with the turbine and crossflow is developed
across the turbine plane. This will alter the turbine’s thrust and power as
well as changing the effective direction of the turbine race. The net side-
force due to the turbine will vary more than during straight flow conditions.
Wake behaviour will also vary compared to straight flow conditions. Yaw
misalignment effects therefore play an important role and quantification of a
turbine’s performance and wake details under such condition is essential for
the design layout of a tidal farm for maximizing the power output [4].

A number of experimental studies have been conducted to improve under-
standing of yawed inflow influence on tidal turbines. For example, Galloway
et al. [5] studied the power and thrust performance of a scaled tidal current
turbine operating at yaw and in waves in a tow tank. The authors observed
that less power and rotor thrust was captured by the turbine and resulted
in reduced performance as yaw angle increased. Galloway et al. [6] followed
on his earlier work by conducting experiments to study the cyclic loading
and fatigue effects due to dynamic yaw on a rotor caused by wave-current
interaction. They found that yaw angles below 7.5 degrees had negligible
effect on the rotor. Maganga et al. [7] conducted experimental studies to
quantify the effects of flow characteristics (yaw and velocity gradient) on the
performance and loading on a tidal turbine. The authors observed that the
turbine’s performance was sensitive to the quality of the incoming flow and
a misalignment of a fixed turbine can cause significant losses. Zhang et al
8] studied the effects of a turbine operating under varying yaw conditions.
Their results showed that increasing yaw angle results in a decrease in the
turbine’s streamwise force and an increase in spanwise force. Velocity distri-
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butions also showed that the wake deflection and velocity deficit recovery rate
increased at a rate proportional to the yaw angle. Modali et al [9] studied
turbine performance and wake deflection within + 15° yawed conditions and
showed that when an upstream turbine is yawed, the downstream turbine
can extract more than 50% higher energy in a staggered layout than in an
aligned layout. All of the above experimental work provides an opportunity
to evaluate the performance of the tidal devices in a relatively low-cost, con-
trolled laboratory environment, which can also be used to complement and
validate numerical models.

Computational fluid dynamics (CFD) has also been used, through a num-
ber of approaches to study the performance and wake details of tidal devices
under yawed inflow conditions. Each approach has advantages and disadvan-
tages, with the main balance being a trade off between detailed simulation
of the physics and the computational time and resources required to achieve
a result. At the smallest and most detailed scale, fully resolved tidal cur-
rent turbine geometry models have been used to provide insight into the
development of the wake structures downstream of a device [10], [11], [12].
Turbulence was resolved using either Reynolds-averaged Navier-Stokes [13]
or Large Eddy Simulations [14]. However, these approaches require small
time steps due to restrictions imposed by explicitly solving the turbine flow,
thus placing a high demand on computation. As such, they are not feasible
when considering simulation of large arrays of full-scale turbines. In addition,
high computational cost restricts simulation of a wide range of incident en-
vironmental conditions, which are known, for tidal energy sites, to be highly
variable resulting from complex combinations of waves, currents and turbu-
lence. Computations of this nature are often performed using momentum
source models.

Momentum source models are able to compute the force distributions
along the rotor blades, and determine the overall performance of a turbine.
Significantly lower computational requirements and fast processing time can
be exploited where many analyses are required. Howland et al. [15] used an
actuator disk model, to investigate wake deflections of a turbine under yawed
conditions. Their findings suggest that when a turbine is yawed for the ben-
efit of downstream turbines, the curled shape of the wake and its asymmetry
must be taken into account since this affects how much of it interacts with
the downstream turbines. Baratchi et al. [16] used an actuator line method
to study the performance and wake of the tidal turbine in both straight and
yawed flow. Their results showed good agreement with the measurements



O©CO~NOOOTA~AWNPE

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

published in [17]. Gao et al. [18] coupled an actuator line method to large
eddy simulations to study the wake characteristics of a turbine under various
yaw conditions. They showed that wake skew exacerbates the instability of
the tip vortex and causes the wake region to narrow. At lower yaw angles,
nacelle vortex radially diffuses and blends with the tip vortex in the far wake
whilst at higher yaw angles, the nacelle vortex intercepts the tip vortex in
the near wake due to the different spatial distribution of thrust.

Despite the valuable insight from these experimental and numerical stud-
ies, there is still a gap in the performance and wake details of tidal current
turbines in arrays as most of these studies were carried out for either one or
two turbines. The wake generated by for example, the front set of turbines
in a large tidal turbine farm can cause disturbance to the rear set of turbines
in straight flow conditions and significantly increase in angled incoming flow
conditions [19]. Very large computational resources are also needed to cap-
ture and understand such flow detail. There are also open questions about
the wake details, for example, its propagation and extent of recovery in yaw
conditions.

One particular area of research which has gained momentum in recent
years and has been used to compute multiple tidal current turbines in arrays
is the Blade Element Theory combined with Computational Fluid Dynamics
simulation techniques (BEM-CFD) [20], [21]. The BEM-CFEFD models utilises
radially varying set of turbine blade charcteristics, distributed uniformly in
an axial direction. Hence, computational cells at the same radius from the
turbine centre have the same properties, however, as the flow varies from cell
to cell, the resultant forces on the fluid also vary. The model can allow the
local environment to be simulated providing a comprehensive study of a tidal
farm and wake at a reduced computational cost [22]. The application of tip
loss corrections and downwash pertinent to a CFD type model representa-
tion takes the BEM-CFD approach further. This extension, the Generalised
Actuator Disk (GAD-CFD), has provided confidence when applied to labo-
ratory scale flume studies [23]. The GAD-CFD model includes new improved
features such as a more concise downwash distribution computation, varia-
tion of foil section, application of tip radius correction, variation of lift/drag
curves with Reynolds number and surface roughness. The use of analytical
methods to successfully and effectively predict the distribution of lift towards
the tip of finite wing, have been demonstrated to produce reasonable esti-
mates of thrust and power [24]. Allowing for the variation of foil section
shape within the model adds to the refinements including the distribution
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of forces along the foils. This helps produce slightly better characteristics
closer to the rotor hub, and also improved prediction in the stall region of
the TSR range. The benefit of the GAD-CFD approach, with respect to
computational cost, is unequivocal and allows us to move into the realms of
array interaction modelling and site design at a more reasonable level of cost
[25].

In this work, the effectiveness of the GAD-CFD approach in accurately
capturing fluid-machine interaction for multiple tidal energy converters sub-
ject to yawed flow conditions is assessed. The GAD-CFD model is first used
to simulate a three-turbine array in straight flow, § = 0°, and the results
compared with physcical tank-testing conducted at the FloWave facility [26],
27], [28]. Additional simulations are then conducted at yawed angles, § =
4° and 8° to study yaw effects. A second simulation is conducted to further
assess the performance of the approach, in terms of the capacity to model
multiple full-scale turbines in more varied configuration. The current work
extends our previous work in [29], [30] to provide a better understanding of
the influence of rotor spacing on the hydrodynamics around devices, leading
to optimised performance for large arrays.

Finally, as turbulence intensity also impacts the fluid-machine interac-
tions associated with the turbine energy production, simulations under straight
flow conditions with varying incoming turbulence intensities are also per-
formed and analyzed. This demonstrates how the GAD-CFD tool can be
useful to developers in real projects.
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2. Numerical Methodology

2.1. Governing equations

The OpenFOAM toolbox [31] is utilised for the model implementation.
The OpenFOAM toolkit provides a range of standard solvers which can be
modified for use with the additional turbine physics. The additional GAD
source terms are implemented in the steady state Reynolds Averaged Navier
Stokes (RANS) “simpleFoam” solver. A more detailed description of the
GAD-CFD model including the extended downwash distribution method and
coupling strategy is presented in [24-25]. Within the assumption of an in-
compressible fluid, the set of equations may be written in the form:

ov,
82% N

0 (1)

J

= @
ot ox; p Ox; e dx;  Oxy 0z the @

where x; represents the Cartesian coordinates (X, Y, Z), U; is the Cartesian
mean velocity components (Ux,Uy,Uz) and f; includes an additional source
representing the disc rotor characteristics. The Reynolds stress is w/;u/; and
must be modeled to close the governing equations by employing an appro-
priate turbulence model.

The k-¢ RNG turbulence model [32] has been used for this work. In this
model two equations are solved; k represents the energy contained within the
turbulent fluctuations, and € represents the dissipation rate of this energy.
The equations for the transport of these variables are similar in form to the
momentum equations. The model has been credible when applied to flows
involving large rotating downstream wakes [33], [34] which is one of the key
aspects of the present application. However, the models are also known to
sometimes over-predict wake lengths, mainly due to the turbulence dissipa-
tion turbulent kinetic energy which can influence the loadings on downstream
turbines [35].

3. Case Study 1: Three Turbine Array Turbine

3.1. Turbine arrangements

Using the GAD-CFD model, a three turbine array as shown in Figure 1
is simulated. The hubs of these two upstream turbines are 1 D upstream and

6
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Figure 1: Schematics of the three-turbine array layout (not to scale). Turbine 1 denotes
the primary turbine, Turbines 2 and 3 denote the right and left upstream turbines in the
inflow direction respectively.

1.5 D either side of the primary turbine, giving a transverse separation of 3
D. This configuration was shown in [25] to accelerate the flow experienced
by the rear turbine and improve its performance. Additionally, the front
row being only 1 D in front of the primary turbine, means that the rear
turbine is not in the wake of the front two turbines. The turbines are generic
bed-mounted, fixed-pitch, three-bladed horizontal axis design. The turbine
models are 1:15 scale, corresponding to an 18 m diameter prototype. Table
1 summarizes the principal dimensions of the turbines. Turbine rotational
speed is set to be the same for all turbines, so that they have a tip speed ratio
(TSR), of 7.0 relative to the inlet velocity. The turbine geometries were based
on the NACAG63812 and 63815 aerofoil sections and a separate CFD study
was conducted to determine a set of lift and drag curves curves at a range of
Reynolds numbers and turbulence levels required for these sections to use for
this study. The chord-length Reynolds numbers vary between 0.5 x 10° (root)
and 2.5 x 10° (tip). Physical tank testing experiments have been conducted
in straight flow conditions, § = 0°. Full details of the experiments can be
found in [26].
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Table 1: Three-turbine array dimensions

Parameter Dimension|m]
Rotor diameter 1.2 (1D)
Nacelle length 1.03
Nacelle diameter, hub to tower 0.12
Nacelle diameter, beyond tower 0.16

Hub height 1.0 (0.83D)
Tower diameter 0.102

Distance from rotor plane to tower axis  0.486 (0.4D)

3.2. Domains and boundary condition

The entire flow field was considered as a result of asymmetry of the flow
induced by the oblique motion and rotation induced by the turbines. Turbine
yaw angle was achieved by keeping the inflow/domain fixed and rotating the
turbines as per the required yaw angle. This technique was automated by
employing a script which, when called upon, allows rotation of the turbines
within the domain to the required yaw angle. The domain size represents
the Flowave tank dimensions, see also Figure 2. The nominal inflow velocity
of 0.8 m/s was set at the inlet. This corresponds to a full-scale flow speed of
3.1 m/s. Flow rates are set at the inlet vents. In the physical tank testing
experiments, the turbulence intensity at the turbine location was recorded
to be approximately 7% for the flow velocity used [26]. The tank walls are
set to zero velocity and wall functions used for k, €, and nut. The top of the
domain is set to a full slip condition representing the open fluid surface. The
initial conditions are mapped to the boundary conditions in all but velocity.
The initial velocity condition is set to zero. The kinematic viscosity v of
this problem is set to 1.6667¢ %m?.s71. No roughness parameter was added
and the bottom boundary assumed a smooth wall. Table 2 summarizes the
computational parameters adopted for this study. Five flow configurations
have been investigated, as illustrated in Table 3.

3.3. Grid Generation

The grids were created utilizing both blockMesh and snappyHexMesh in
OpenFOAM. First, an initial structured hexahedral background mesh con-
sisting of a block topology structure was generated which captures the do-
main extents of thirty metres square and four metres deep. The domain is
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Table 2: Computational Parameters

Parameter Settings
Computing Astute Linux Cluster®
Mesh type Unstructured hexahedral
Turbulence model k-¢ RNG
Pressure velocity coupling SIMPLE
y'average (nacelle) 30

Grad (U) scheme Gauss linear
Convergence criteria RMS residual < 1073

Note: Run type and Parallel run (14 partitions
run on 2 X dual core nodes). “ http://enhpc-
wiki.swan.ac.uk.

Table 3: Simulation Flow Conditions

Yaw,5 (°) Turbulencelntensity, T1(%)
15
25
30
15
15
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Figure 2: Sectional schematic of FloWave basin showing: (A) wavemaker paddles around
circumference; (B) turning vanes and flow conditioning filters; (C) current drive impeller
units; (D) buoyant raisable floor (15 m@) below test area [27].

then subdivided using divisions defined in Table 4. With reference to Figure
3, refinement of the mesh around the turbines and wake region is achieved
using the snappyHexMesh utility. The wake region is defined as a cylinder
0.7 metre radius, extending from the rotor to 9 metres downstream, i.e. to
the domain outflow. The refinement level in this region is specified as level
2, the base cell/mesh is subdivided twice in this region (Note 2 in Figure 3).
The rotor assembly and bladebox is set with a refinement level of 5, i.e. Note
5 in Figure 3. The region around the rotor assembly (Note 3 in Figure 3) is
set at level 3 up to 0.1 metres from the assembly. A reasonable level of detail
of the nacelle and support is included in the model as shown in Figure 3.

For the mesh independence study an examination of the coefficients of
power, C'p and coefficients of thrust Cr is performed for a single rotor in
straight inflow conditions, f = 0°. It can be seen in Figure 4 that the
coefficients tend to not change significantly after mesh density G4. Based
on the study, mesh G4 (see Table 4), representing a reasonable compromise
in accuracy and computational cost, was chosen to perform the remaining
studies.

3.4. Results

3.4.1. Performance at different yaw angles

The tidal stream configuration performances at yaw was quantified by
comparing the yaw results with the straight flow cases. Two yawed inflow
cases were considered, i.e, § = 4° and 8°. As already pointed out, the turbines
have been fully tested experimentally at 5 = 0° and the results have been

10
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Table 4: Table of initial mesh subdivisions for the set of meshes studied. The total cell
count is post refinement using the snappyHexMesh utility

Mesh  Subdivisions Total no of cells

G1 100x100x30 95686
G2 200x200x60 766968
G3 300x300x90 2590032
G4 400x400x120 6146016
G5 500x500x 150 11998116
G6 600x600x 180 20740456

Figure 3: Mesh topology generated using a combination of “blockMesh” and “snappy-
HexMesh” utilities. Note 0 shows the outer/base distribution of cells, while Note 2 shows
the level 2 refinements made in the wake region. Note 3 identifies the assembly area
refinement, and Note 5 identifies the level 5 assembly region.

included for comparison purpose. Figure 5 demonstrates the performance
of all turbines in the array model in terms of C'p and C'r at TSR = 7.
Compared to the experiment, GAD-CFD predicts the thrust and power of
the primary rotor (Turbine 1) within 3.5% and 9.5% respectivelyfor § =
0°. The GAD-CFD model only reports thrust acting directly on the rotor,

11
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Figure 4: Coefficients of power, C'p (top) and thrust, Cr (bottom) plotted against mesh
number from coarsest (G1) to finest (G6).

thus a correction needs to be calculated considering the fluid drag acting
on the assembly. This issue has been examined in [30] and demonstrated
good correlation for the combined results of thrust. RANS based models
including the GAD-CFD model are known to under-predict how much of the
energy exerted on the turbine will be converted into rotation on the blades

12
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and hence useful power. This has also been reported by [35], [36]. C'p under
prediction may also be attributed to variations in local flow directions at
the blades and numerical rounding in the model. With this in mind the
thrust and power characteristics correlate well and show a similar trend to
the observations of the experimental results (see also Figure 4). Compared
to the other turbines, the primary rotor (Turbine 1) also produces the most
power. This is because it benefits from the accelerated approaching flow
from the two upstream turbines (Turbines 2 and 3). Having higher velocities
approaching the turbine can result in an increase in the extractable power.

The trend in both power and thrust curves for the different angles of
yaw are also identical. Cp and C7 decreases as yaw angle increases. This
is because as the incoming flow is no longer aligned to the turbine blades, a
crossflow is developed across the turbine plane and as the yaw angle increases,
the axial component of the velocity reduces, leading to less lift and hence
torque. Another problem regarding the reduction in C'p with increase in
yaw angle may be attributed to the separation of the nacelle and the flow in
the vicinity of the rotor. As yaw increases, the separation at the nose of the
nacelle becomes greater. This causes the flow in the vicinity of the turbine to
be more turbulent. Lastly, the blockage by the turbines to the flow can be felt
upstream, leading to greater deficit in the wake region and a corresponding
decrease in power. The overall power was reduced by 3.0% and 5.0% for 8 =
4° and 8° respectively compared to the § = 0° case. Additionally, the thrust
also reduced by 2.0% to 4.0% for § = 4° and 8° respectively compared to the
B = 0° case. Figure 6 shows the differences in the wake structure structure
for the various yaw angles. There is a slight increase in the skewness in
the wake as well as a slight decrease in the recovery distance as yaw angle
increases. This has also been reported by [10] at a similar TSR value. As
the wake propagates downstream, it also deviates slightly from the direction
of yaw.

Line samples of the velocities were taken downstream (Figure 7) of the
primary rotor to capture the fluid characteristics exiting the array for the
different yaw angles. The samples were taken at six x/D locations. Results
for the = 0° case demonstrates that the wakefield generated by the array
compares well with experimental values. For yaw influence, the profiles are
different for turbines 2 and 3 compared to the primary turbine in the near
wake, i.e /D < 2.5. In turbines 2 and 3, there is a shift in the profiles
compared to the 5 = 0° profile. However, for the primary turbine (or tur-
bine 1), the profiles show similar behaviour. When tidal arrays experience

13
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Figure 5: Comparison of coefficient of power C'p (bottom) and coefficient of thrust Cr
(bottom) at different yaw angles, TT = 15%, TSR = 7.

misalignment in flow conditions, the net sideforce will vary more than dur-
ing straight ahead conditions resulting in a decrease in effective inflow angle,
especially to a downstream turbine. At the same time an upstream turbine
can block and straighten the flow to the downstream turbine, leading to a
recovery in effective inflow angle to the downstream turbine. It is possible
that the blockage by the two upstream turbines may have contributed to the
behaviour of the primary turbine profile. Interestingly, for the two upstream
turbines, the plots also show that § = 0° has the largest velocity deficit for
turbine 3 whereas it has the smallest velocity deficit for turbine 2.

At /D > 2.5 (Figures 7d-f, see also Figure 6), the peak velocity deficits
in the combined or individual wakes is higher for § = 0° compared to the
yaw cases. This may be as a results of the higher turbulence levels in the
yawed flow cases.

14
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Figure 6: Wake velocity for the three turbine array at different yaw angles. Top to bottom:
B = 0°, 4°, 8°. Note: Increase in yaw angle is in a clockwise direction.
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Figure 7: Transverse profiles of normalized downstream axial velocities at three different
yaw angles, 8 = 0°, 4°, 8°.
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3.4.2. Performance at different upstream turbulence intensities, T1's

Interaction of turbulence with tidal turbines is important if accurate fa-
tigue predictions are to be made and turbine reliability optimised. To con-
sider the effects of turbulence intensity, the three turbine array is compared
with three inlet turbulence intensities, TI's of 15%, 25% and 30% at 3 = 0°.
Figure 8 shows turbulence intensity decay variation as they progress down-
stream to the turbines. The two upsream turbines (Turbines 2 and 3) are
located at = -1.2 m whilst the located of the primary turbine (Turbine 1)
is at = 0 m. The plot shows a rapid decay shortly downstream of the inlet
as well as close to the turbines. At inlet T'I's of 15%, 25% and 30%, only T'T
of 7%, 10% and 10.5% respectively were realised at the locations of Turbines
2 and 3, corresponding to a 53%, 60% and 65.5% drop in turbulence inten-
sity. As seen in Figure 8, the results are consistent with the experimental
measurements.

Figure 9 shows that increasing the turbulence intensity, 7’1 has little effect
on the mean Cp and Cr for the TI's evaluated in this analysis, with less
than 3.5% difference. Previous studies [9], [10] have also shown that the
mean C'p and Cr are only slightly dependent on the turbulence intensity at
TSR values of 1 < TSR < 10. The results show an increase of 2.0% in power
production when inlet T'I is increased from 15% to 25% and a further 1.2%
from 25% to 30%.

Figure 10 shows the wake velocity for the investigated T'I’s. The results
show similar near wake features, however there are visible differences in the
far wake features. Concerning the profiles of velocities calculated downstream
of the arrays in Figures 11, it can be seen that, large differences exist between
the different turbulence rates (seen more clearly at /D > 2). The maximum
deficit was observed for the lowest turbulence rate in all locations with the
peak occuring at /D = 2.5. The results suggest that turbulence intensity
has little influence on the near wake of the array, but helps to recover the

axial velocity in the wake. This finding is consistent with previous research
[10].

4. Case Study 2: Multiple Full-scale Turbines in Varied Configu-
ration

4.1. Turbine arrangements

A fourteen-turbine array with two different arrangements was also simu-
lated. The first is a 4 row arrangement whereby the lateral and longitudinal

17
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Figure 8: Turbulence intensities decay variation in the three array turbine, TSR = 7.

spacing are 3.0 diameters and 10.0 diameters respectively (regular forma-
tion), see top image in Figure 12. These are arbitrary values which have
been chosen to reproduce reasonable turbine spacing that may be imple-
mented in a real situation. The second arrangement presented in Figure 12,
bottom image shows a different arrangement in which the lateral spacing be-
tween devices is increased to 4.0 diameters to maximise the flow acceleration
between them (modified formation). The second and third rows have been
moved so that they are one diameter away from the first and fourth rows
such that the distance between the second and third row is 38.0 diameters.
This serves two purposes, firstly the second and fourth rows will benefit from
flow acceleration between upstream turbines to a greater extent. Secondly,
such an arrangement will also facilitate a greater level of flow recovery before
the flow interacts with the third and fourth rows. The turbines are fixed
pitch variable speed, running at an optimal TSR of 3.0 based on the inlet
velocity. Turbine rotational speed was set to be the same for the turbines,
so that they have TSR of 3.0 relative to the inlet velocity. The turbines
have a diameter of 10 m which is a reasonable representation of the scale of
turbines likely to be deployed in nearshore environments. The chord length
and chord twist angle characteristics of the blade are presented in Figure 13.
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Figure 9: Comparison of coefficient of power C'p (bottom) and coefficient of thrust Cr
(bottom) at different upstream turbulence intensities, TSR = 7.

The rotor geometry, and lift/drag characteristics, are also taken from [29].
The NACA 4424 lift and drag curves are taken from [37] with chord-length
Reynolds numbers varying between 0.2 x 10° (root) and 1.0 x 10° (tip).

4.2. Domain and boundary conditions

The inflow and outflow plane were located 30 D upstream of the front
turbines and 60 D downstream of the rear turbines respectively. A cuboid
computational domain is employed. The domain is 1200 metres in length
(x-axis). The domain depth is 30 metres (z-axis), while the width is 300
metres (y-axis). A uniform and steady velocity profile of 3.0 m/s, which is
the nominal inflow velocity and turbulence intensities of 1%, 5% and 10%
were applied at the inlet of the computation domain. This is applicable
here as the turbine arrays are placed in a wide channel and therefore only
extract a small fraction of the energy available to them. Future large-scale
generation will undoubtedly require the deployment of hundreds of devices
at high-energy locations. Such locations are fairly limited and hence, the
devices are likely to be packed relatively closely to one another along the
seabed. A high density of tidal turbines will cause excessive resistance to the
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flow, or in effect an increase in the drag coefficient of the channel, causing a
reduction of flow velocities at the devices [38]. Under such circumstances, a
different turbine optimisation will be required than for a fixed upstream flow
[39], [40].

At the outlet boundary a zero gradient was applied. The nacelles and
bottom of the domain are set to zero velocity and wall functions used for k,
€, and nut. No roughness parameter was added and the bottom boundary
assumed a smooth wall. Five flow configurations, as illustrated in Table 5,
were also carried out.

Table 5: Simulation Flow Conditions

Yaw,5 (°) Turbulencelntensity, T1(%)
1
5
10
1

0e] i \V] Hew) New) Nan)

4.8. Grid Generation

All grids were created utilizing both “blockMesh” and “snappyHexMesh”
in OpenFOAM version 6.0. The “blockMesh” utility is used to generate an
initial block (mesh domain) with size set to 1200m x300m x30m in x, y, and z
directions respectively which captures the domain extents. The discretisation
does not use any grading in this case thus “simpleGrading” is set to one.
Refinement of the mesh around the turbines and wake region is achieved
using “snappyHexMesh” utility. The wake region is defined as a cylinder
37.5 metre radius, extending from the rotor to 900 metres downstream, i.e.
to the domain outflow. The refinement level in this region is specified as level
2. The rotor assembly and bladebox is set with a refinement level of 4.

Mesh dependency of the simulations within the blade-box and wake re-
gions was assessed in [29] and [30] respectively with the turbine operating
close to an optimal design TSR of 3.0. Based on the recommendations in
these previous studies, subdivisions of 480x120x 12 with total element size
of approximately 25M representing a reasonable compromise in accuracy and
computational cost, was chosen to perform the remaining studies.
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Figure 10: Wake velocity for the three turbine array at different upstream turbulence
intensities. Top to bottom: T'T = 15%, T1 = 25%, T1 = 30%.
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Figure 11: Transverse profiles of normalized downstream axial velocities at three different

upstream turbulence intensities.
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Figure 12: Schematics of the 14-turbine layout: (top) regular formation (bottom) modified
formation including rotor numbers (not to scale).
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Figure 13: Chord length and twist characteristics of the blades used in the 14-turbine

layout analysis.
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4.4. Results

4.4.1. Performance at different yaw angles

This section presents the performance of both regular and modified array
configurations in straight flow conditions, with inlet turbulence defined by T1
= 1%. The individual devices within the arrays and the hydrodynamic flow
structures between the turbines are also evaluated. Figures 14 and 15 present
the coefficient of power, C'p, and thrust, C'y, for the two configurations at the
different yaw angles. C'p and C't were also calculated based on the inflow
velocity and a fixed TSR. The computed power production at g = 0° for
the front four set of turbines in the modified formation was 1.826MW. At
[ = 2° and 8°, the power production reduced to 1.767MW and 1.733MW
respectively, about 3% and 5% less than the 3 = 0° case. These values are
significantly less than the 0.06% and 1.0% reduction in C'p that would be
expected if yaw effects were only assumed to be a function of the decreased
projected swept area of the turbine. Similar tendencies were observed in the
regular formation.

There were however large differences in power in the second to fourth
sets of turbines, more especially turbines 8-14. Starting with the modified
formation at the higher yaw angle, turbines 8, 9 and 12 were not directly
affected by the wake of the front set of turbines (i.e turbines 1-7). The inflow
to these turbines were almost similar to freestream conditions (see also Figure
17). This resulted in an increase in their C'p values and a further increase
in C'p for turbine 12 which also took advantage of the bypass flow. All the
other turbines experienced some disturbances from the wake generated by
turbines 1-7 and resulted in reduced C'p values with a further decrease in
Cp in turbines 10 and 11 due to the reduced wake recovery and the smaller
recovery distance of the upstream turbines (5 and 6). In the 5 = 2° case, all
rear turbines with the exception of turbine 8 experienced disturbance from
the wake generated by turbines 1-7. Table 6 shows the computed power for
each row of turbines at § = 0°, 2° and 8°. From these values, it can be seen
that apart from the third row of turbines, power production decreases with
increase in yaw angle.

Similar tendencies were also found in the regular formation. The pre-
dicted overall farm power was 5.32MW, 5.25MW, 3.64MW compared to
5.86MW, 5.83MW, 5.96MW in the modified formation at § = 0°, 2° and
8° respectively. Although the overall farm power was higher in the modified
formation compared to the regular formation for the investigated yaw cases,
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interestingly the highest power output was not necessarily obtained for the
modified tidal farm at S = 0°, but for § = 8° in this case. This shows
that for larger tidal farms, the overall power output at yaw that can be ob-
tained compared to the straight flow cases can either increase (or decrease)
since the power output in rows further downstream depends on the orienta-
tion in the first rows. The results also show that strong sensitivity of tidal
farm power output to small variations of the inflow direction exists and this
should be taken into account for optimal control as well as grid integration
of tidal farms. Similar tendencies were observed in the coefficient of thrust
C'r values in Figure 15 where C'1 decreases as yaw angle increases due to the
reduced axial component of the velocity rather than the spanwise component
as thrust depends on the axial component.

Figures 16 and 17 show the calculated wake velocities for the two config-
urations at the different yaw angles. The overall wake structure, wake width
and expansion rates are similar for all three yaw angles. However, similar to
the three turbine array, there is a slight increase in skewness in the wake and
a decrease in the wake recovery distance at the highest yaw angle, seen more
clearly in the Figure 16.

Table 6: Power for each row of turbines in the two layouts at different yaw angles, TI =

1%

Configuration RowNo [ =10° b =2° b= 8°
Modified 1 1.826MW 1.767TMW  1.733MW

Modified 2 1.487TMW  1.438MW  1.408MW
Modified 3 1.411MW  1.502MW  1.585MW
Modified 4 1.141IMW  1.128MW  1.240MW
Regular 1 1.798MW  1.753MW  1.724dMW
Regular 2 1.459MW  1.358MW  0.371MW
Regular 3 1.206MW  1.399MW  1.048MW
Regular 4 0.855MW  0.740MW  0.497TMW
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Figure 16: Wake velocity for the regular formation at different yaw angles. Top to bottom:
B = 0°, 2°, 8°, Isolines at 95% inlet velocity.
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Figure 17: Wake velocity for the modified formation at different yaw angles.

bottom: 8 = 0°, 2°, 8°, Isolines at 95% inlet velocity.
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4.4.2. Performance at different upstream turbulence intensities, T1's

Figures 18 and 19 present the results for power and thrust coefficients
for the two configurations at three different upstream turbulence intensities,
TI = 1%, 5% and 10% at 8 = 0°. Similar to the three turbine array, for
the front set of turbines in both configurations, T’/ has little effect on the
mean C'p and Cr for the TI's evaluated in this analysis, with less than
3% difference. However, a closer inspection of the plots show some visible
differences, especially in the rear sets of turbines, where it appears that
increasing the turbulence intensity from 1% to 10% increases both C'p and
Cr.
Table 7 shows the computed power production for the first to fourth rows
of turbines for the modified formation at T'I = 1%, 5% and 10%. The results
show an increase of 11% in power production when inlet T'I is increased to
5% and a further increase of 0.5% in the power production when inlet 71
is increased to 10% whilst in the regular formation, an increase of 4% in
power production is observed when inlet T'I is increased to 5% and a further
increase of 7% when inlet T'I is increased to 10%. Comparing both modified
and regular formations, these values corresponds to a 10.26%, 19.75% and
11.08% increase in overall farm power in the modified formation for T1 =
1%, 5% and 10% respectively.

These results are very important especially as large arrays are likely to be
deployed in staggered arrangements to maximise the performance of down-
stream devices and the model results presented here indicate that T'I influ-
ences downstream devices. It is also likely that the force fluctuations, hence
fatigue loads could also be affected, a factor that is relevant when optimising
turbine designs to increase reliability. The relatively low values of T'1 used
in the analysis will likely be found in strait channels without many features
that will increase turbulence levels.

Figures 20-21 show T'I influence on the wake velocities for the two con-
figurations. Again, it can be seen that T'I plays a major role in the wake
details. Both wake length and wake width increase with an increase in T'1.
Near wake features were similar but recovery was more quicker in the higher
turbulence case. This is seen more clearly in Figure 20 where the wake of
the front set of turbines recovers quickly as it approaches the rear turbines
in the higher turbulence case. Turbulence intensity helps to recover the axial
velocity in the wake and the width of the wake increases with turbulence
intensity in the far wake, meaning that the arrays will have a wider wake
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Table 7: Power for each row of turbines in the two layouts at different turbulence intensities.

Configuration RowNo

TI = 1%

TI =5% TI=10%

Modified 1 1.826MW  1.863MW  1.883MW
Modified 2 1.48TMW  1.511MW  1.542MW
Modified 3 1.411MW  1.780MW  1.789MW
Modified 4 1.141IMW  1.438MW  1.414MW
Regular 1 1.798MW  1.83TMW  1.859MW
Regular 2 1.459MW  1.47TMW  1.488MW
Regular 3 1.206MW  1.28TMW  1.544MW
Regular 4 0.855MW  0.904MW  1.059MW
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Figure 20: Wake velocity for the regular formation at three different upstream turbulence
intensities. Top to bottom: TI = 1%, 5%, 10%, Isolines at 95% inlet velocity.
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Figure 21: Wake velocity for the modified formation at three different upstream turbulence
intensities. Top to bottom: TI = 1%, 5%, 10%, Isolines at 95% inlet velocity.
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5. Summary

This paper introduces modelling techniques for better understanding of
the performance variations and wake effects of two different tidal stream ar-
ray configurations. First, a three turbine array was modelled, followed by a
fourteen turbine array with standard hypothetical staggered arrangement of
four rows with constant lateral and longitudinal spacing of 3.0 and 10.0 diam-
eters respectively. The array layout was then altered by moving the second
and third rows so they are 1D from the first and fourth rows. A performance
study was conducted by comparing the thrust and power coefficients under
varying effects of yaw angles and upstream inflow turbulence. A summary of
the important findings are outlined below:

5.1. Yawed flow

5.1.1. Three turbine array
e The performance characteristics for the straight flow in the three tur-
bines array are in close agreement with previous studies [26].

e Power and thrust decreased as yaw was increased.

e Yaw was found to have minimal effect on the individual wakes, however
small increase in skewness and decrease in recovery was found at the
higher yaw angle compared to the straight flow case.

e Yaw resulted in a shift in the wake plots. However, the profile of the
primary turbine show similar behaviour with the straight flow in the
near wake. Interestingly, for the two upstream turbines, the plots also
show that 5 = 0° has the largest velocity deficit for turbine 3 whereas
it has the smallest velocity deficit for turbine 2 in the near wake. It
is possible that this might be a feature of the complex tank velocity
rather than yaw.

5.1.2. Fourteen turbine array

e Compared to the regular staggered configuration at 8 = 0°, the total
power output of the modified array was ncreased by over 10%. Wake
recovery to freestream was also better in the modified formation com-
pared to the regular staggered configuration.
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5.2.

Lateral spacing between devices in straight flow conditions affected the
rate of flow recovery downstream. It was shown that for lateral spacing
of 4D there was faster downstream recovery compared to the 3D. This
is relevant in the contex of large arrays where further devices may be
placed downstream.

Similar to the three turbine array, power and thrust coefficient decrease
with increase in yaw angle in the front set of turbines. However, the
results are non-linear with the move away from optimal TSR in com-
bination with reduced upstream U to the rear turbines.

Depending on the yaw angle, most of the individual devices downstream
were directly affected by the wakes of the upstream devices, resulting
in reduced power and thrust. However, few of the devices experienced
inflow conditions similar to the freestream resulting in power and thrust
increases.

Strong sensitivity of tidal-farm power exists even to small variations
of inflow direction. This is relevant for optimal control as well as grid
intergration of tidal farms.

Upstream turbulence intensities: Three and Fourteen turbine array

Turbulence intensity was found to decay rapidly shortly downstream
of the inlet which is consistent with experimental data.

Turbulence intensity helps in recovery of axial velocity in the wake.

Wake width increases with turbulence intensity in the far wake, mean-
ing that arrays will have a wider wake when operating in turbulent
environments.

Turbulence intensity had little effect on the thrust and power of the
front set of devices in the array. It is important to stress that each of
these results have been obtained using a fixed TSR and a time averaged
representation of the flow. It is likely that using the local TSR’s at the
turbines as well as a transient model could influence the results.
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6. Conclusions and Future Work

In conclusion, an efficient method for simulating tidal stream energy con-
verter rotor response to realistic inflow and turbulence intensity conditions
and capturing the subsequent impact to farfield flow structure using a GAD-
CFD approach has been demonstrated. Model validation against experi-
mental testing has been conducted and the results show that large array
layouts influence on the flow around a downstream device is complex both in
straight and yawed flow and would be difficult to characterise using simple
empirical relationship. The results could help understand /improve array con-
figurations. Further validation of the model would be recommended as more
experimental data becomes available and the model improved to account for
more complex flow details. However, the study provides confidence that the
approach can be applied to a range of scenarios; both laboratory scale, and
large scale deployments in both the marine and wind environments.

Due to the computational efficiency, such an approach, especially when
compared to fully resolved turbine geometry models, makes the GAD-CFD
technique suitable for modelling arrays consisting of a large number of rotors
and for conducting multiple model runs under varying tidal and machine-
operating-point conditions. It is therefore appropriate to also consider the
model for studying tidal stream arrays and their interaction with respect to
local topography and power control.

Since tidal energy could play an important role in decarbonising electricity
generation it is important to have access to efficient and accurate engineering
tools such as the one developed here (which sits between highly detailed blade
resolved models and larger scale oceanographic and atmospheric models).
Improved modelling will reduce the technical risk of operating these devices
in the highly energetic marine environment thus increasing economic viability
of the sector.

Future work should focus on improving the model to account for changing
lift and drag characteristics at higher levels of free stream turbulence. As
turbulence levels increase, the quantity of lift and drag changes, as does the
stall point relative to angle of attack, and post stall features significantly
change. The model could also be combined with turbine control algorithms
that consider power capping through stall or pitch control to enable the study
of rotors. Other factors that will also affect device performance in natural
environments such as bathymetric effects and bottom roughness need to be
included as this will assist in improving existing methods for performance
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prediction.

Beyond this immediate application the developers seek to develop and
incorporate more realistic bathymetry characterisations, which is expected
to be an important factor in real-world turbine array operation. It is the
authors intention to publish the implementation of the model to enable such
studies to take place.
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1. Introduction

Tidal stream power generation is currently undergoing rapid progress-
ing as a reliable form of renewable energy due to the predictability of tidal
periods and magnitudes [1]. A number of sites across the world are being
identified and tidal current turbines installed in small arrays to generate and
export electricity to local networks [2]. However, a lot of the sites that have
been identified for installation of these devices exhibits some degree of mis-
alignment in incident flow, more especially in nearshore environments where
bathymetric and seabed frictional effects are significant. Misalignment in
incident flow or yawed inflow may also occur due to turbine support struc-
tures and the presence of upstream bluff bodies [3]. When a tidal current
turbine experiences misalignment in incident flow or yawed inflow, the flow
of water is no longer aligned with the turbine and crossflow is developed
across the turbine plane. This will alter the turbine’s thrust and power as
well as changing the effective direction of the turbine race. The net side-
force due to the turbine will vary more than during straight flow conditions.
Wake behaviour will also vary compared to straight flow conditions. Yaw
misalignment effects therefore play an important role and quantification of a
turbine’s performance and wake details under such condition is essential for
the design layout of a tidal farm for maximizing the power output [4].

A number of experimental studies have been conducted to improve under-
standing of yawed inflow influence on tidal turbines. For example, Galloway
et al. [5] studied the power and thrust performance of a scaled tidal current
turbine operating at yaw and in waves in a tow tank. The authors observed
that less power and rotor thrust was captured by the turbine and resulted
in reduced performance as yaw angle increased. Galloway et al. [6] followed
on his earlier work by conducting experiments to study the cyclic loading
and fatigue effects due to dynamic yaw on a rotor caused by wave-current
interaction. They found that yaw angles below 7.5 degrees had negligible
effect on the rotor. Maganga et al. [7] conducted experimental studies to
quantify the effects of flow characteristics (yaw and velocity gradient) on the
performance and loading on a tidal turbine. The authors observed that the
turbine’s performance was sensitive to the quality of the incoming flow and
a misalignment of a fixed turbine can cause significant losses. Zhang et al
8] studied the effects of a turbine operating under varying yaw conditions.
Their results showed that increasing yaw angle results in a decrease in the
turbine’s streamwise force and an increase in spanwise force. Velocity distri-
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butions also showed that the wake deflection and velocity deficit recovery rate
increased at a rate proportional to the yaw angle. Modali et al [9] studied
turbine performance and wake deflection within + 15° yawed conditions and
showed that when an upstream turbine is yawed, the downstream turbine
can extract more than 50% higher energy in a staggered layout than in an
aligned layout. All of the above experimental work provides an opportunity
to evaluate the performance of the tidal devices in a relatively low-cost, con-
trolled laboratory environment, which can also be used to complement and
validate numerical models.

Computational fluid dynamics (CFD) has also been used, through a num-
ber of approaches to study the performance and wake details of tidal devices
under yawed inflow conditions. Each approach has advantages and disadvan-
tages, with the main balance being a trade off between detailed simulation
of the physics and the computational time and resources required to achieve
a result. At the smallest and most detailed scale, fully resolved tidal cur-
rent turbine geometry models have been used to provide insight into the
development of the wake structures downstream of a device [10], [11], [12].
Turbulence was resolved using either Reynolds-averaged Navier-Stokes [13]
or Large Eddy Simulations [14]. However, these approaches require small
time steps due to restrictions imposed by explicitly solving the turbine flow,
thus placing a high demand on computation. As such, they are not feasible
when considering simulation of large arrays of full-scale turbines. In addition,
high computational cost restricts simulation of a wide range of incident en-
vironmental conditions, which are known, for tidal energy sites, to be highly
variable resulting from complex combinations of waves, currents and turbu-
lence. Computations of this nature are often performed using momentum
source models.

Momentum source models are able to compute the force distributions
along the rotor blades, and determine the overall performance of a turbine.
Significantly lower computational requirements and fast processing time can
be exploited where many analyses are required. Howland et al. [15] used an
actuator disk model, to investigate wake deflections of a turbine under yawed
conditions. Their findings suggest that when a turbine is yawed for the ben-
efit of downstream turbines, the curled shape of the wake and its asymmetry
must be taken into account since this affects how much of it interacts with
the downstream turbines. Baratchi et al. [16] used an actuator line method
to study the performance and wake of the tidal turbine in both straight and
yawed flow. Their results showed good agreement with the measurements

3
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published in [17]. Gao et al. [18] coupled an actuator line method to large
eddy simulations to study the wake characteristics of a turbine under various
yaw conditions. They showed that wake skew exacerbates the instability of
the tip vortex and causes the wake region to narrow. At lower yaw angles,
nacelle vortex radially diffuses and blends with the tip vortex in the far wake
whilst at higher yaw angles, the nacelle vortex intercepts the tip vortex in
the near wake due to the different spatial distribution of thrust.

Despite the valuable insight from these experimental and numerical stud-
ies, there is still a gap in the performance and wake details of tidal current
turbines in arrays as most of these studies were carried out for either one or
two turbines. The wake generated by for example, the front set of turbines
in a large tidal turbine farm can cause disturbance to the rear set of turbines
in straight flow conditions and significantly increase in angled incoming flow
conditions [19]. Very large computational resources are also needed to cap-
ture and understand such flow detail. There are also open questions about
the wake details, for example, its propagation and extent of recovery in yaw
conditions.

One particular area of research which has gained momentum in recent
years and has been used to compute multiple tidal current turbines in arrays
is the Blade Element Theory combined with Computational Fluid Dynamics
simulation techniques (BEM-CFD) [20], [21]. The BEM-CFD models utilises
radially varying set of turbine blade charcteristics, distributed uniformly in
an axial direction. Hence, computational cells at the same radius from the
turbine centre have the same properties, however, as the flow varies from cell
to cell, the resultant forces on the fluid also vary. The model can allow the
local environment to be simulated providing a comprehensive study of a tidal
farm and wake at a reduced computational cost [22]. The application of tip
loss corrections and downwash pertinent to a CFD type model representa-
tion takes the BEM-CFD approach further. This extension, the Generalised
Actuator Disk (GAD-CFD), has provided confidence when applied to labo-
ratory scale flume studies [23]. The GAD-CFD model includes new improved
features such as a more concise downwash distribution computation, varia-
tion of foil section, application of tip radius correction, variation of lift/drag
curves with Reynolds number and surface roughness. The use of analytical
methods to successfully and effectively predict the distribution of lift towards
the tip of finite wing, have been demonstrated to produce reasonable esti-
mates of thrust and power [24]. Allowing for the variation of foil section
shape within the model adds to the refinements including the distribution
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of forces along the foils. This helps produce slightly better characteristics
closer to the rotor hub, and also improved prediction in the stall region of
the TSR range. The benefit of the GAD-CFD approach, with respect to
computational cost, is unequivocal and allows us to move into the realms of
array interaction modelling and site design at a more reasonable level of cost
25].

In this work, the effectiveness of the GAD-CFD approach in accurately
capturing fluid-machine interaction for multiple tidal energy converters sub-
ject to yawed flow conditions is assessed. The GAD-CFD model is first used
to simulate a three-turbine array in straight flow, § = 0°, and the results
compared with physcical tank-testing conducted at the FloWave facility [26],
27], [28]. Additional simulations are then conducted at yawed angles, § =
4° and 8° to study yaw effects. A second simulation is conducted to further
assess the performance of the approach, in terms of the capacity to model
multiple full-scale turbines in more varied configuration. The current work
extends our previous work in [29], [30] to provide a better understanding of
the influence of rotor spacing on the hydrodynamics around devices, leading
to optimised performance for large arrays.

Finally, as turbulence intensity also impacts the fluid-machine interac-
tions associated with the turbine energy production, simulations under straight
flow conditions with varying incoming turbulence intensities are also per-
formed and analyzed. This demonstrates how the GAD-CFD tool can be
useful to developers in real projects.
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2. Numerical Methodology

2.1. Governing equations

The OpenFOAM toolbox [31] is utilised for the model implementation.
The OpenFOAM toolkit provides a range of standard solvers which can be
modified for use with the additional turbine physics. The additional GAD
source terms are implemented in the steady state Reynolds Averaged Navier
Stokes (RANS) “simpleFoam” solver. A more detailed description of the
GAD-CFD model including the extended downwash distribution method and
coupling strategy is presented in [24-25]. Within the assumption of an in-
compressible fluid, the set of equations may be written in the form:

ov,
82% N

0 (1)

J

= @
ot ox; p Ox; e dx;  Oxy 0z the @

where x; represents the Cartesian coordinates (X, Y, Z), U; is the Cartesian
mean velocity components (Ux,Uy,Uz) and f; includes an additional source
representing the disc rotor characteristics. The Reynolds stress is w/;u/; and
must be modeled to close the governing equations by employing an appro-
priate turbulence model.

The k-¢ RNG turbulence model [32] has been used for this work. In this
model two equations are solved; k represents the energy contained within the
turbulent fluctuations, and € represents the dissipation rate of this energy.
The equations for the transport of these variables are similar in form to the
momentum equations. The model has been credible when applied to flows
involving large rotating downstream wakes [33], [34] which is one of the key
aspects of the present application. However, the models are also known to
sometimes over-predict wake lengths, mainly due to the turbulence dissipa-
tion turbulent kinetic energy which can influence the loadings on downstream
turbines [35].

3. Case Study 1: Three Turbine Array Turbine

3.1. Turbine arrangements

Using the GAD-CFD model, a three turbine array as shown in Figure 1
is simulated. The hubs of these two upstream turbines are 1 D upstream and
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Figure 1: Schematics of the three-turbine array layout (not to scale). Turbine 1 denotes
the primary turbine, Turbines 2 and 3 denote the right and left upstream turbines in the
inflow direction respectively.

1.5 D either side of the primary turbine, giving a transverse separation of 3
D. This configuration was shown in [25] to accelerate the flow experienced
by the rear turbine and improve its performance. Additionally, the front
row being only 1 D in front of the primary turbine, means that the rear
turbine is not in the wake of the front two turbines. The turbines are generic
bed-mounted, fixed-pitch, three-bladed horizontal axis design. The turbine
models are 1:15 scale, corresponding to an 18 m diameter prototype. Table
1 summarizes the principal dimensions of the turbines. Turbine rotational
speed is set to be the same for all turbines, so that they have a tip speed ratio
(TSR), of 7.0 relative to the inlet velocity. The turbine geometries were based
on the NACAG63812 and 63815 aerofoil sections and a separate CFD study
was conducted to determine a set of lift and drag curves curves at a range of
Reynolds numbers and turbulence levels required for these sections to use for
this study. The chord-length Reynolds numbers vary between 0.5 x 105 (root)
and 2.5 x 10° (tip). Physical tank testing experiments have been conducted
in straight flow conditions, § = 0°. Full details of the experiments can be
found in [26].
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Table 1: Three-turbine array dimensions

Parameter Dimension|[m)]
Rotor diameter 1.2 (1D)
Nacelle length 1.03
Nacelle diameter, hub to tower 0.12
Nacelle diameter, beyond tower 0.16

Hub height 1.0 (0.83D)
Tower diameter 0.102

Distance from rotor plane to tower axis  0.486 (0.4D)

3.2. Domains and boundary condition

The entire flow field was considered as a result of asymmetry of the flow
induced by the oblique motion and rotation induced by the turbines. Turbine
yaw angle was achieved by keeping the inflow/domain fixed and rotating the
turbines as per the required yaw angle. This technique was automated by
employing a script which, when called upon, allows rotation of the turbines
within the domain to the required yaw angle. The domain size represents
the Flowave tank dimensions, see also Figure 2. The nominal inflow velocity
of 0.8 m/s was set at the inlet. This corresponds to a full-scale flow speed of
3.1 m/s. Flow rates are set at the inlet vents. In the physical tank testing
experiments, the turbulence intensity at the turbine location was recorded
to be approximately 7% for the flow velocity used [26]. The tank walls are
set to zero velocity and wall functions used for k, €, and nut. The top of the
domain is set to a full slip condition representing the open fluid surface. The
initial conditions are mapped to the boundary conditions in all but velocity.
The initial velocity condition is set to zero. The kinematic viscosity v of
this problem is set to 1.6667¢ %m?.s71. No roughness parameter was added
and the bottom boundary assumed a smooth wall. Table 2 summarizes the
computational parameters adopted for this study. Five flow configurations
have been investigated, as illustrated in Table 3.

3.3. Grid Generation

The grids were created utilizing both blockMesh and snappyHexMesh in
OpenFOAM. First, an initial structured hexahedral background mesh con-
sisting of a block topology structure was generated which captures the do-
main extents of thirty metres square and four metres deep. The domain is
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Table 2: Computational Parameters

Parameter Settings
Computing Astute Linux Cluster®
Mesh type Unstructured hexahedral
Turbulence model k-¢ RNG
Pressure velocity coupling SIMPLE
y'average (nacelle) 30

Grad (U) scheme Gauss linear
Convergence criteria RMS residual < 1073

Note: Run type and Parallel run (14 partitions
run on 2 X dual core nodes). “ http://enhpc-
wiki.swan.ac.uk.

Table 3: Simulation Flow Conditions

Yaw,5 (°) Turbulencelntensity, T1(%)
15
25
30
15
15

[0e] I~ Rew) Haw] Naw)
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Figure 2: Sectional schematic of FloWave basin showing: (A) wavemaker paddles around
circumference; (B) turning vanes and flow conditioning filters; (C) current drive impeller
units; (D) buoyant raisable floor (15 m@) below test area [27].

then subdivided using divisions defined in Table 4. With reference to Figure
3, refinement of the mesh around the turbines and wake region is achieved
using the snappyHexMesh utility. The wake region is defined as a cylinder
0.7 metre radius, extending from the rotor to 9 metres downstream, i.e. to
the domain outflow. The refinement level in this region is specified as level
2, the base cell/mesh is subdivided twice in this region (Note 2 in Figure 3).
The rotor assembly and bladebox is set with a refinement level of 5, i.e. Note
5 in Figure 3. The region around the rotor assembly (Note 3 in Figure 3) is
set at level 3 up to 0.1 metres from the assembly. A reasonable level of detail
of the nacelle and support is included in the model as shown in Figure 3.

For the mesh independence study an examination of the coefficients of
power, C'p and coefficients of thrust Cr is performed for a single rotor in
straight inflow conditions, f = 0°. It can be seen in Figure 4 that the
coefficients tend to not change significantly after mesh density G4. Based
on the study, mesh G4 (see Table 4), representing a reasonable compromise
in accuracy and computational cost, was chosen to perform the remaining
studies.

3.4. Results

3.4.1. Performance at different yaw angles

The tidal stream configuration performances at yaw was quantified by
comparing the yaw results with the straight flow cases. Two yawed inflow
cases were considered, i.e, § = 4° and 8°. As already pointed out, the turbines
have been fully tested experimentally at 5 = 0° and the results have been
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Table 4: Table of initial mesh subdivisions for the set of meshes studied. The total cell
count is post refinement using the snappyHexMesh utility

Mesh  Subdivisions Total no of cells

G1 100x100x30 95686
G2 200x200x60 766968
G3 300x300x90 2590032
G4 400x400x120 6146016
G5 500x500x 150 11998116
G6 600x600x 180 20740456

Figure 3: Mesh topology generated using a combination of “blockMesh” and “snappy-
HexMesh” utilities. Note 0 shows the outer/base distribution of cells, while Note 2 shows
the level 2 refinements made in the wake region. Note 3 identifies the assembly area
refinement, and Note 5 identifies the level 5 assembly region.

included for comparison purpose. Figure 5 demonstrates the performance
of all turbines in the array model in terms of C'p and C'r at TSR = 7.
Compared to the experiment, GAD-CFD predicts the thrust and power of
the primary rotor (Turbine 1) within 3.5% and 9.5% respectivelyfor § =
0°. The GAD-CFD model only reports thrust acting directly on the rotor,

11
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Figure 4: Coefficients of power, C'p (top) and thrust, Cr (bottom) plotted against mesh
number from coarsest (G1) to finest (G6).

thus a correction needs to be calculated considering the fluid drag acting
on the assembly. This issue has been examined in [30] and demonstrated
good correlation for the combined results of thrust. RANS based models
including the GAD-CFD model are known to under-predict how much of the
energy exerted on the turbine will be converted into rotation on the blades

12
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and hence useful power. This has also been reported by [35], [36]. C'p under
prediction may also be attributed to variations in local flow directions at
the blades and numerical rounding in the model. With this in mind the
thrust and power characteristics correlate well and show a similar trend to
the observations of the experimental results (see also Figure 4). Compared
to the other turbines, the primary rotor (Turbine 1) also produces the most
power. This is because it benefits from the accelerated approaching flow
from the two upstream turbines (Turbines 2 and 3). Having higher velocities
approaching the turbine can result in an increase in the extractable power.

The trend in both power and thrust curves for the different angles of
yaw are also identical. Cp and C7 decreases as yaw angle increases. This
is because as the incoming flow is no longer aligned to the turbine blades, a
crossflow is developed across the turbine plane and as the yaw angle increases,
the axial component of the velocity reduces, leading to less lift and hence
torque. Another problem regarding the reduction in C'p with increase in
yaw angle may be attributed to the separation of the nacelle and the flow in
the vicinity of the rotor. As yaw increases, the separation at the nose of the
nacelle becomes greater. This causes the flow in the vicinity of the turbine to
be more turbulent. Lastly, the blockage by the turbines to the flow can be felt
upstream, leading to greater deficit in the wake region and a corresponding
decrease in power. The overall power was reduced by 3.0% and 5.0% for 5 =
4° and 8° respectively compared to the § = 0° case. Additionally, the thrust
also reduced by 2.0% to 4.0% for § = 4° and 8° respectively compared to the
= 0° case. Figure 6 shows the differences in the wake structure structure
for the various yaw angles. There is a slight increase in the skewness in
the wake as well as a slight decrease in the recovery distance as yaw angle
increases. This has also been reported by [10] at a similar TSR value. As
the wake propagates downstream, it also deviates slightly from the direction
of yaw.

Line samples of the velocities were taken downstream (Figure 7) of the
primary rotor to capture the fluid characteristics exiting the array for the
different yaw angles. The samples were taken at six x/D locations. Results
for the = 0° case demonstrates that the wakefield generated by the array
compares well with experimental values. For yaw influence, the profiles are
different for turbines 2 and 3 compared to the primary turbine in the near
wake, i.e /D < 2.5. In turbines 2 and 3, there is a shift in the profiles
compared to the 5 = 0° profile. However, for the primary turbine (or tur-
bine 1), the profiles show similar behaviour. When tidal arrays experience

13
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Figure 5: Comparison of coefficient of power C'p (bottom) and coefficient of thrust Cr
(bottom) at different yaw angles, TT = 15%, TSR = 7.

misalignment in flow conditions, the net sideforce will vary more than dur-
ing straight ahead conditions resulting in a decrease in effective inflow angle,
especially to a downstream turbine. At the same time an upstream turbine
can block and straighten the flow to the downstream turbine, leading to a
recovery in effective inflow angle to the downstream turbine. It is possible
that the blockage by the two upstream turbines may have contributed to the
behaviour of the primary turbine profile. Interestingly, for the two upstream
turbines, the plots also show that § = 0° has the largest velocity deficit for
turbine 3 whereas it has the smallest velocity deficit for turbine 2.

At /D > 2.5 (Figures 7d-f, see also Figure 6), the peak velocity deficits
in the combined or individual wakes is higher for § = 0° compared to the
yaw cases. This may be as a results of the higher turbulence levels in the
yawed flow cases.
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Figure 6: Wake velocity for the three turbine array at different yaw angles. Top to bottom:
B = 0°, 4°, 8°. Note: Increase in yaw angle is in a clockwise direction.

15



O©CO~NOOOTA~AWNPE

YD

YD

3 T T T T T
Exptp=0° @
=00 —
p=4> ——
p=8 —
2 -
*
1}
2 of
a1 b
2}
3 . . . . .
-0.2 0 0.2 0.4 0.6 0.8 1
1-u/U
() x/D =2
= =
i i - i
() z/D =1.0 () x/D =2.5 (d x/D =35
= ' =
° " A "
(e) x/D =4.5 () /D = 5.0

Figure 7: Transverse profiles of normalized downstream axial velocities at three different
yaw angles, 8 = 0°, 4°, 8°.
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3.4.2. Performance at different upstream turbulence intensities, T1's

Interaction of turbulence with tidal turbines is important if accurate fa-
tigue predictions are to be made and turbine reliability optimised. To con-
sider the effects of turbulence intensity, the three turbine array is compared
with three inlet turbulence intensities, TI's of 15%, 25% and 30% at 3 = 0°.
Figure 8 shows turbulence intensity decay variation as they progress down-
stream to the turbines. The two upsream turbines (Turbines 2 and 3) are
located at = -1.2 m whilst the located of the primary turbine (Turbine 1)
is at = 0 m. The plot shows a rapid decay shortly downstream of the inlet
as well as close to the turbines. At inlet T'I's of 15%, 25% and 30%, only T'T
of 7%, 10% and 10.5% respectively were realised at the locations of Turbines
2 and 3, corresponding to a 53%, 60% and 65.5% drop in turbulence inten-
sity. As seen in Figure 8, the results are consistent with the experimental
measurements.

Figure 9 shows that increasing the turbulence intensity, 7’1 has little effect
on the mean Cp and Cr for the TI's evaluated in this analysis, with less
than 3.5% difference. Previous studies [9], [10] have also shown that the
mean C'p and Cr are only slightly dependent on the turbulence intensity at
TSR values of 1 < TSR < 10. The results show an increase of 2.0% in power
production when inlet T'I is increased from 15% to 25% and a further 1.2%
from 25% to 30%.

Figure 10 shows the wake velocity for the investigated T'I’s. The results
show similar near wake features, however there are visible differences in the
far wake features. Concerning the profiles of velocities calculated downstream
of the arrays in Figures 11, it can be seen that, large differences exist between
the different turbulence rates (seen more clearly at /D > 2). The maximum
deficit was observed for the lowest turbulence rate in all locations with the
peak occuring at /D = 2.5. The results suggest that turbulence intensity
has little influence on the near wake of the array, but helps to recover the

axial velocity in the wake. This finding is consistent with previous research
[10].

4. Case Study 2: Multiple Full-scale Turbines in Varied Configu-
ration

4.1. Turbine arrangements

A fourteen-turbine array with two different arrangements was also simu-
lated. The first is a 4 row arrangement whereby the lateral and longitudinal
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Figure 8: Turbulence intensities decay variation in the three array turbine, TSR = 7.

spacing are 3.0 diameters and 10.0 diameters respectively (regular forma-
tion), see top image in Figure 12. These are arbitrary values which have
been chosen to reproduce reasonable turbine spacing that may be imple-
mented in a real situation. The second arrangement presented in Figure 12,
bottom image shows a different arrangement in which the lateral spacing be-
tween devices is increased to 4.0 diameters to maximise the flow acceleration
between them (modified formation). The second and third rows have been
moved so that they are one diameter away from the first and fourth rows
such that the distance between the second and third row is 38.0 diameters.
This serves two purposes, firstly the second and fourth rows will benefit from
flow acceleration between upstream turbines to a greater extent. Secondly,
such an arrangement will also facilitate a greater level of flow recovery before
the flow interacts with the third and fourth rows. The turbines are fixed
pitch variable speed, running at an optimal TSR of 3.0 based on the inlet
velocity. Turbine rotational speed was set to be the same for the turbines,
so that they have TSR of 3.0 relative to the inlet velocity. The turbines
have a diameter of 10 m which is a reasonable representation of the scale of
turbines likely to be deployed in nearshore environments. The chord length
and chord twist angle characteristics of the blade are presented in Figure 13.
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Figure 9: Comparison of coefficient of power C'p (bottom) and coefficient of thrust Cr
(bottom) at different upstream turbulence intensities, TSR = 7.

The rotor geometry, and lift/drag characteristics, are also taken from [29].
The NACA 4424 lift and drag curves are taken from [37] with chord-length
Reynolds numbers varying between 0.2 x 10° (root) and 1.0 x 10° (tip).

4.2. Domain and boundary conditions

The inflow and outflow plane were located 30 D upstream of the front
turbines and 60 D downstream of the rear turbines respectively. A cuboid
computational domain is employed. The domain is 1200 metres in length
(x-axis). The domain depth is 30 metres (z-axis), while the width is 300
metres (y-axis). A uniform and steady velocity profile of 3.0 m/s, which is
the nominal inflow velocity and turbulence intensities of 1%, 5% and 10%
were applied at the inlet of the computation domain. This is applicable
here as the turbine arrays are placed in a wide channel and therefore only
extract a small fraction of the energy available to them. Future large-scale
generation will undoubtedly require the deployment of hundreds of devices
at high-energy locations. Such locations are fairly limited and hence, the
devices are likely to be packed relatively closely to one another along the
seabed. A high density of tidal turbines will cause excessive resistance to the
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flow, or in effect an increase in the drag coefficient of the channel, causing a
reduction of flow velocities at the devices [38]. Under such circumstances, a
different turbine optimisation will be required than for a fixed upstream flow
[39], [40].

At the outlet boundary a zero gradient was applied. The nacelles and
bottom of the domain are set to zero velocity and wall functions used for k,
€, and nut. No roughness parameter was added and the bottom boundary
assumed a smooth wall. Five flow configurations, as illustrated in Table 5,
were also carried out.

Table 5: Simulation Flow Conditions

Yaw,5 (°) Turbulencelntensity, T1(%)
1
5
10
1

0e] i \V] Hew) New) Nan)

4.8. Grid Generation

All grids were created utilizing both “blockMesh” and “snappyHexMesh”
in OpenFOAM version 6.0. The “blockMesh” utility is used to generate an
initial block (mesh domain) with size set to 1200m x300m x30m in x, y, and z
directions respectively which captures the domain extents. The discretisation
does not use any grading in this case thus “simpleGrading” is set to one.
Refinement of the mesh around the turbines and wake region is achieved
using “snappyHexMesh” utility. The wake region is defined as a cylinder
37.5 metre radius, extending from the rotor to 900 metres downstream, i.e.
to the domain outflow. The refinement level in this region is specified as level
2. The rotor assembly and bladebox is set with a refinement level of 4.

Mesh dependency of the simulations within the blade-box and wake re-
gions was assessed in [29] and [30] respectively with the turbine operating
close to an optimal design TSR of 3.0. Based on the recommendations in
these previous studies, subdivisions of 480x120x 12 with total element size
of approximately 25M representing a reasonable compromise in accuracy and
computational cost, was chosen to perform the remaining studies.
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Figure 10: Wake velocity for the three turbine array at different upstream turbulence
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upstream turbulence intensities.
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Figure 12: Schematics of the 14-turbine layout: (top) regular formation (bottom) modified
formation including rotor numbers (not to scale).
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Figure 13: Chord length and twist characteristics of the blades used in the 14-turbine

layout analysis.
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4.4. Results

4.4.1. Performance at different yaw angles

This section presents the performance of both regular and modified array
configurations in straight flow conditions, with inlet turbulence defined by T1
= 1%. The individual devices within the arrays and the hydrodynamic flow
structures between the turbines are also evaluated. Figures 14 and 15 present
the coefficient of power, C'p, and thrust, C'y, for the two configurations at the
different yaw angles. C'p and C't were also calculated based on the inflow
velocity and a fixed TSR. The computed power production at g = 0° for
the front four set of turbines in the modified formation was 1.826MW. At
[ = 2° and 8°, the power production reduced to 1.767MW and 1.733MW
respectively, about 3% and 5% less than the 3 = 0° case. These values are
significantly less than the 0.06% and 1.0% reduction in C'p that would be
expected if yaw effects were only assumed to be a function of the decreased
projected swept area of the turbine. Similar tendencies were observed in the
regular formation.

There were however large differences in power in the second to fourth
sets of turbines, more especially turbines 8-14. Starting with the modified
formation at the higher yaw angle, turbines 8, 9 and 12 were not directly
affected by the wake of the front set of turbines (i.e turbines 1-7). The inflow
to these turbines were almost similar to freestream conditions (see also Figure
17). This resulted in an increase in their C'p values and a further increase
in C'p for turbine 12 which also took advantage of the bypass flow. All the
other turbines experienced some disturbances from the wake generated by
turbines 1-7 and resulted in reduced C'p values with a further decrease in
Cp in turbines 10 and 11 due to the reduced wake recovery and the smaller
recovery distance of the upstream turbines (5 and 6). In the 5 = 2° case, all
rear turbines with the exception of turbine 8 experienced disturbance from
the wake generated by turbines 1-7. Table 6 shows the computed power for
each row of turbines at § = 0°, 2° and 8°. From these values, it can be seen
that apart from the third row of turbines, power production decreases with
increase in yaw angle.

Similar tendencies were also found in the regular formation. The pre-
dicted overall farm power was 5.32MW, 5.25MW, 3.64MW compared to
5.86MW, 5.83MW, 5.96MW in the modified formation at § = 0°, 2° and
8° respectively. Although the overall farm power was higher in the modified
formation compared to the regular formation for the investigated yaw cases,
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interestingly the highest power output was not necessarily obtained for the
modified tidal farm at S = 0°, but for § = 8° in this case. This shows
that for larger tidal farms, the overall power output at yaw that can be ob-
tained compared to the straight flow cases can either increase (or decrease)
since the power output in rows further downstream depends on the orienta-
tion in the first rows. The results also show that strong sensitivity of tidal
farm power output to small variations of the inflow direction exists and this
should be taken into account for optimal control as well as grid integration
of tidal farms. Similar tendencies were observed in the coefficient of thrust
C'r values in Figure 15 where C'1 decreases as yaw angle increases due to the
reduced axial component of the velocity rather than the spanwise component
as thrust depends on the axial component.

Figures 16 and 17 show the calculated wake velocities for the two config-
urations at the different yaw angles. The overall wake structure, wake width
and expansion rates are similar for all three yaw angles. However, similar to
the three turbine array, there is a slight increase in skewness in the wake and
a decrease in the wake recovery distance at the highest yaw angle, seen more
clearly in the Figure 16.

Table 6: Power for each row of turbines in the two layouts at different yaw angles, TI =

1%

Configuration RowNo [ =10° b =2° b= 8°
Modified 1 1.826MW 1.767TMW  1.733MW

Modified 2 1.487TMW  1.438MW  1.408MW
Modified 3 1.411MW  1.502MW  1.585MW
Modified 4 1.141IMW  1.128MW  1.240MW
Regular 1 1.798MW  1.753MW  1.724dMW
Regular 2 1.459MW  1.358MW  0.371MW
Regular 3 1.206MW  1.399MW  1.048MW
Regular 4 0.855MW  0.740MW  0.497TMW
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Figure 16: Wake velocity for the regular formation at different yaw angles. Top to bottom:
B = 0°, 2°, 8°, Isolines at 95% inlet velocity.
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Figure 17: Wake velocity for the modified formation at different yaw angles.
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4.4.2. Performance at different upstream turbulence intensities, T1's

Figures 18 and 19 present the results for power and thrust coefficients
for the two configurations at three different upstream turbulence intensities,
TI = 1%, 5% and 10% at 8 = 0°. Similar to the three turbine array, for
the front set of turbines in both configurations, T’/ has little effect on the
mean C'p and Cr for the TI's evaluated in this analysis, with less than
3% difference. However, a closer inspection of the plots show some visible
differences, especially in the rear sets of turbines, where it appears that
increasing the turbulence intensity from 1% to 10% increases both C'p and
Cr.
Table 7 shows the computed power production for the first to fourth rows
of turbines for the modified formation at T'I = 1%, 5% and 10%. The results
show an increase of 11% in power production when inlet T'I is increased to
5% and a further increase of 0.5% in the power production when inlet 71
is increased to 10% whilst in the regular formation, an increase of 4% in
power production is observed when inlet T'I is increased to 5% and a further
increase of 7% when inlet T'I is increased to 10%. Comparing both modified
and regular formations, these values corresponds to a 10.26%, 19.75% and
11.08% increase in overall farm power in the modified formation for T1 =
1%, 5% and 10% respectively.

These results are very important especially as large arrays are likely to be
deployed in staggered arrangements to maximise the performance of down-
stream devices and the model results presented here indicate that T'I influ-
ences downstream devices. It is also likely that the force fluctuations, hence
fatigue loads could also be affected, a factor that is relevant when optimising
turbine designs to increase reliability. The relatively low values of T'1 used
in the analysis will likely be found in strait channels without many features
that will increase turbulence levels.

Figures 20-21 show T'I influence on the wake velocities for the two con-
figurations. Again, it can be seen that T'I plays a major role in the wake
details. Both wake length and wake width increase with an increase in T'1.
Near wake features were similar but recovery was more quicker in the higher
turbulence case. This is seen more clearly in Figure 20 where the wake of
the front set of turbines recovers quickly as it approaches the rear turbines
in the higher turbulence case. Turbulence intensity helps to recover the axial
velocity in the wake and the width of the wake increases with turbulence
intensity in the far wake, meaning that the arrays will have a wider wake
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Table 7: Power for each row of turbines in the two layouts at different turbulence intensities.

Configuration RowNo

TI = 1%

TI =5% TI=10%

Modified 1 1.826MW  1.863MW  1.883MW
Modified 2 1.48TMW  1.511MW  1.542MW
Modified 3 1.411MW  1.780MW  1.789MW
Modified 4 1.141IMW  1.438MW  1.414MW
Regular 1 1.798MW  1.83TMW  1.859MW
Regular 2 1.459MW  1.47TMW  1.488MW
Regular 3 1.206MW  1.28TMW  1.544MW
Regular 4 0.855MW  0.904MW  1.059MW
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Figure 20: Wake velocity for the regular formation at three different upstream turbulence
intensities. Top to bottom: TI = 1%, 5%, 10%, Isolines at 95% inlet velocity.
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Figure 21: Wake velocity for the modified formation at three different upstream turbulence
intensities. Top to bottom: TI = 1%, 5%, 10%, Isolines at 95% inlet velocity.
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5. Summary

This paper introduces modelling techniques for better understanding of
the performance variations and wake effects of two different tidal stream ar-
ray configurations. First, a three turbine array was modelled, followed by a
fourteen turbine array with standard hypothetical staggered arrangement of
four rows with constant lateral and longitudinal spacing of 3.0 and 10.0 diam-
eters respectively. The array layout was then altered by moving the second
and third rows so they are 1D from the first and fourth rows. A performance
study was conducted by comparing the thrust and power coefficients under
varying effects of yaw angles and upstream inflow turbulence. A summary of
the important findings are outlined below:

5.1. Yawed flow

5.1.1. Three turbine array
e The performance characteristics for the straight flow in the three tur-
bines array are in close agreement with previous studies [26].

e Power and thrust decreased as yaw was increased.

e Yaw was found to have minimal effect on the individual wakes, however
small increase in skewness and decrease in recovery was found at the
higher yaw angle compared to the straight flow case.

e Yaw resulted in a shift in the wake plots. However, the profile of the
primary turbine show similar behaviour with the straight flow in the
near wake. Interestingly, for the two upstream turbines, the plots also
show that 5 = 0° has the largest velocity deficit for turbine 3 whereas
it has the smallest velocity deficit for turbine 2 in the near wake. It
is possible that this might be a feature of the complex tank velocity
rather than yaw.

5.1.2. Fourteen turbine array

e Compared to the regular staggered configuration at § = 0°, the total
power output of the modified array was ncreased by over 10%. Wake
recovery to freestream was also better in the modified formation com-
pared to the regular staggered configuration.

36



O©CO~NOOOTA~AWNPE

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

5.2.

Lateral spacing between devices in straight flow conditions affected the
rate of flow recovery downstream. It was shown that for lateral spacing
of 4D there was faster downstream recovery compared to the 3D. This
is relevant in the contex of large arrays where further devices may be
placed downstream.

Similar to the three turbine array, power and thrust coefficient decrease
with increase in yaw angle in the front set of turbines. However, the
results are non-linear with the move away from optimal TSR in com-
bination with reduced upstream U to the rear turbines.

Depending on the yaw angle, most of the individual devices downstream
were directly affected by the wakes of the upstream devices, resulting
in reduced power and thrust. However, few of the devices experienced
inflow conditions similar to the freestream resulting in power and thrust
increases.

Strong sensitivity of tidal-farm power exists even to small variations
of inflow direction. This is relevant for optimal control as well as grid
intergration of tidal farms.

Upstream turbulence intensities: Three and Fourteen turbine array

Turbulence intensity was found to decay rapidly shortly downstream
of the inlet which is consistent with experimental data.

Turbulence intensity helps in recovery of axial velocity in the wake.

Wake width increases with turbulence intensity in the far wake, mean-
ing that arrays will have a wider wake when operating in turbulent
environments.

Turbulence intensity had little effect on the thrust and power of the
front set of devices in the array. It is important to stress that each of
these results have been obtained using a fixed TSR and a time averaged
representation of the flow. It is likely that using the local TSR’s at the
turbines as well as a transient model could influence the results.
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6. Conclusions and Future Work

In conclusion, an efficient method for simulating tidal stream energy con-
verter rotor response to realistic inflow and turbulence intensity conditions
and capturing the subsequent impact to farfield flow structure using a GAD-
CFD approach has been demonstrated. Model validation against experi-
mental testing has been conducted and the results show that large array
layouts influence on the flow around a downstream device is complex both in
straight and yawed flow and would be difficult to characterise using simple
empirical relationship. The results could help understand /improve array con-
figurations. Further validation of the model would be recommended as more
experimental data becomes available and the model improved to account for
more complex flow details. However, the study provides confidence that the
approach can be applied to a range of scenarios; both laboratory scale, and
large scale deployments in both the marine and wind environments.

Due to the computational efficiency, such an approach, especially when
compared to fully resolved turbine geometry models, makes the GAD-CFD
technique suitable for modelling arrays consisting of a large number of rotors
and for conducting multiple model runs under varying tidal and machine-
operating-point conditions. It is therefore appropriate to also consider the
model for studying tidal stream arrays and their interaction with respect to
local topography and power control.

Since tidal energy could play an important role in decarbonising electricity
generation it is important to have access to efficient and accurate engineering
tools such as the one developed here (which sits between highly detailed blade
resolved models and larger scale oceanographic and atmospheric models).
Improved modelling will reduce the technical risk of operating these devices
in the highly energetic marine environment thus increasing economic viability
of the sector.

Future work should focus on improving the model to account for changing
lift and drag characteristics at higher levels of free stream turbulence. As
turbulence levels increase, the quantity of lift and drag changes, as does the
stall point relative to angle of attack, and post stall features significantly
change. The model could also be combined with turbine control algorithms
that consider power capping through stall or pitch control to enable the study
of rotors. Other factors that will also affect device performance in natural
environments such as bathymetric effects and bottom roughness need to be
included as this will assist in improving existing methods for performance
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prediction.

Beyond this immediate application the developers seek to develop and
incorporate more realistic bathymetry characterisations, which is expected
to be an important factor in real-world turbine array operation. It is the
authors intention to publish the implementation of the model to enable such
studies to take place.
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