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Output of a tidal farm in yawed flow and varying
turbulence using GAD-CFD without power tracking

Charles E. Badoe∗,†, Xiaorong Li∗, Alison J. Williams∗ and Ian Masters∗
∗Energy and Environment Research Group, Swansea University, Wales, SA1 8EN, UK.

† Corresponding author:c.e.badoe@swansea.ac.uk

Abstract—A generalised actuator disk-computational fluid dy-
namics (GAD-CFD) model is used to conduct simulations on a
14-turbine array arranged in two different configurations. Firstly,
simulations of a regular (staggered) and modified (dual) configura-
tions are conducted in straight flow conditions to understand the
hydrodynamics around devices and evaluate their performance.
Compared to the regular configuration, wake recovery to free-
stream conditions was better and the total power output of the
array 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 three different turbulence intensities, TI,
1%, 5% and 10% performed showed that in both arrays, turbulence
intensity has little effect on the thrust and power of the upstream
set of devices for the considered TI range but greatly influences
the individual downstream devices.

Index Terms—GAD-CFD, Blade Element Momentum, Tidal Tur-
bine, Yaw, Turbulence intensity.

I. INTRODUCTION

T IDAL stream power generation has emerged in recent
years as a potentially reliable form of renewable

energy due to the predictability of tidal periods and
magnitudes [1]. Many tidal 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 number of sites that have been
identified for the installation of these tidal current tur-
bines exhibits some degree of misalignment in incident
flow, more especially in nearshore environments where
bathymetric and seabed frictional effects are significant
[3]. When a tidal current turbine experiences misalign-
ment in flow conditions such as a 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 sideforce
due to the turbine will vary more than during straight
flow conditions. Yaw misalignment effects therefore play
an important role and quantification of a turbine’s perfor-
mance and wake details under such condition is essential
for the design layout of a tidal farm for maximizing it’s
power output [4].

Computational fluid dynamics (CFD) has been used,
through a number of approaches, to predict the response
of tidal turbines, including their loadings and wake details
under yawed flow conditions. Each approach has advan-
tages and disadvantages, 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 [3, 5-8].

At the smallest and most detailed scale, fully resolved
tidal current turbine geometry models have been used
to provide insight into the development of the wake
structures downstream of a device [9-12]. 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 plac-
ing 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 environ-
mental conditions, which are known, for tidal energy sites,
to be highly variable resulting from complex combinations
of waves, currents and turbulence. Computations of these
nature are often performed using energy source models.

Energy source models attempt to abstract the rotor
geometry into an energy source/sink term. [15] used
actuator disk model, to investigate thrust coefficients and
wake deflections of a turbine under yawed conditions.
Actuator line approaches have also been studied where a
rotating line of energy sink represents each of the rotor
blades. The method was developed by [16], and further
studied by [17] who investigated wake mitigation strate-
gies. Their study, included modification of yaw and tilt
angles of an upstream turbine as well as wake deflection
and performance of the turbine.

A number of experimental studies have also been car-
ried out to evaluate the performance of tidal current tur-
bines in yaw conditions which can be used for validation,
and these include works by [18-22]. For example, [18-19]
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 capture by the turbine and resulted in
reduced performance as yaw angle increased. [20] also
studied the effect of yaw angle and waves on the loads
of a turbine. [21] studied the near wake effects and
performance change due to yaw and [22] studied the
upstream turbulence intensity effect and the interaction
between two turbines, with emphasis on the wakes of the
turbines.

Most of these experimental and numerical studies have
increased our knowledge on the performance of tidal cur-
rent turbines and wake details in yawed flow conditions.
Despite the valuable insight from these studies, there is
still a gap in the perfomance and wake details of tidal
current turbines in arrays as most of the previous studies
were carried out for an isolated rotor case. The wake
generated by for example, the front set of turbines in an
array can cause disturbance to the rear set of turbines
in straight flow conditions and significantly increase in
angled incoming flow conditions [23]. Very large com-
putational resources are also needed to capture and un-
derstand 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 mo-
mentum in recent years and has been used to compute
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multiple tidal current turbines in arrays is the Blade Ele-
ment Theory combined with CFD simulation techniques
(BEM-CFD). This approach, which computes a time av-
eraged solution, significantly reduces the computational
cost associated with simulating turbines. A steady state
BEM-CFD approach developed by [24] has been used
to study wake length and inflow characteristics [25], the
effect of accelerating flows and the interaction of arrays of
turbines [26]. The application of tip loss corrections and
downwash pertinent to a CFD type model representation
takes this approach further. This extension, the Gener-
alised Actuator Disk (GAD-CFD) has provided confidence
when applied to laboratory scale flume studies [27] and
[28]. 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.

In this work, the effectiveness of the GAD-CFD ap-
proach in accurately capturing fluid-machine interaction
for multiple tidal energy converters subject to yawed flow
conditions is assessed. The GAD-CFD model is used to
simulate a 14-turbine array at three different yawed flow
angles and the wake dynamics and inter-turbine perfor-
mance studied. The current work extends our previous
work in [29, 38] to provide an understanding of how
the hydrodynamics around devices is affected by rotor
spacing can be used to optimise the performance of a 14-
turbine array. Finally, as turbulence intensity also impacts
the fluid-machine interactions associated with the turbine
energy production, simulations under straight flow con-
ditions with varying incoming turbulence intensities are
also performed and analyzed. This demonstrates how the
GAD-CFD tool can be useful to developers in real projects.

II. TURBINE ARRANGEMENTS

Using the GAD-CFD model, a number of tidal stream
turbine arrangements are considered. First, a 14 turbine
array arranged in 4 rows is simulated whereby the lat-
eral and longitudinal spacing are 3.0 diameters and 10.0
diameters respectively (regular formation), see top image
in Figure 1. These are arbitrary values which have been
chosen to reproduce reasonable turbine spacing that may
be implemented in a real situation.

The second simulation presented in Figure 1, bottom
image shows a different arrangement in which the lateral
spacing between 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 purpose,
firstly the second and fourth rows will benefit from flow
acceleration between upstream rotors 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. This is also supported by [29].

The turbines used in this work are fixed pitch variable
speed, running at an optimal TSR of 3.0 based on the inlet
velocity. Turbine rotational speed is set to be the same for
all rotors, 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 turbine and nacelle structures are consistent
throughout this paper. An explicit grid layout is required
for use with the GAD-CFD technique, thus a bladebox

Fig. 1. Schematics of the (top) regular formation (bottom) modified
formation including rotor numbers (not to scale).
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Fig. 2. Chord length and twist characteristics of the blade used in
the analysis.

area must be defined. The bladebox represents a rotor
of 10 m in diameter, with the length of the blade box
in the flow-wise direction fixed at 0.1 D. The chord
length and chord twist angle characteristics of the blade
are presented in Figure 2. These profiles are used to
determine the occupation of the blades over the blade-box
region to determine the exact location of the blade forces.
The rotor geometry, and lift/drag characteristics, are also
taken from [29]. The NACA 4424 lift and drag curves are
taken from [30] with chord-length Reynolds numbers vary
between 0.2×106 (root) and 1.0×106 (tip). The comparative
effect of simulating a tower vs. not simulating a tower
structure within the flow is studied in [5]. With this in
mind, and due to the additional computational cost, this
feature is not simulated.

III. NUMERICAL METHODOLOGY

A. 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 Aver-
aged Navier Stokes (RANS) “simpleFoam” solver. Within
the assumption of an incompressible fluid, the set of
equations may be written in the form:
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∂U i
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= 0 (1)
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∂xi
+

∂
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(
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(
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∂xj
+

∂Uj

∂xi

))

−
∂u′iu′j
∂xj

+ fi, (2)

where xi represents the Cartesian coordinates (X, Y, Z),
Ui is the Cartesian mean velocity components (Ux, Uy, Uz)
and and fi includes an additional source representing the
disc rotor characteristics. The Reynolds stress is u′iu′j
and must be modeled to close the governing equations
by employing an appropriate turbulence model.

The k-ǫ 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 ǫ 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 [5,24,29] 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 dissipation k which
can influence the loadings on downstream rotors [33].

B. GAD-CFD Model

Figure 3 shows how a turbine with three hydrofoils
is discretised for use with the GAD-CFD approach. The
hydrofoil properties are determined at radius ri, and then
averaged over 2π radians. This process is repeated for
each hydrofoil element over the interval [r0, rmax].

At any given span wise location ri, lift is defined as
a force perpendicular to the effective flow direction vR,
and drag is defined as being parallel to, and opposing,
the effective flow direction. The forces can be described,
with reference to Figure 3, by the following equations:

FL = 0.5 ρ |vR|
2cCL (3)

FD = 0.5 ρ |vR|
2cCD (4)

where FL is lift force, and FD is drag force, ρ is fluid
density, vR is the resultant velocity, c is chord length, CL

is the chord based coefficient of lift, and CD is the chord
based coefficient of drag.

The fluid applies axial and tangential forces to each
element as illustrated in Figure 4. Here FT is the tangential
force and FA represents the axial force. The lift and drag
forces, FL and FD respectively, are dependent on CL and
CD as functions of Reynolds number and the effective
angle of attack α. This is the angle between the hydrofoil
element and the resultant velocity vR.

Based on the approach in [34], an axial force on a
hydrofoil can be defined as follows:

FA = FLsinφ+ FDcosφ (5)

and the tangential force on a hydrofoil can be defined
as:

FT = FLcosφ− FDsinφ (6)

where φ is the flow inclination angle defined by:

Fig. 3. Generalised Actuator Disk rotor discretisation scheme.

Fig. 4. This diagram highlights the components required to define
the induced angle of attack αi. Where the effective angle of attack is
redefined as αe. The resultant velocity, VR, shown in this illustration
is thus redefined with respect to Figure 3.

φ = tan−1((ωr − vt)/va) (7)

Here vt and va are the tangential and axial velocities
respectively, and ω is angular velocity [rad/s]. The vari-
ation in lift force dFL, and drag force dFD , acting along
the hydrofoil radius are given as follows:

dFL = 0.5 ρ |vR|
2cCL dr (8)

dFD = 0.5 ρ |vR|
2cCD dr (9)

where:
|vR|

2 = v2a + (ωr − vt)
2 (10)

Substituting Equations 8 and 9 into Equations 5 and 6
gives the following:

Sa = dFA = 0.5 ρ |vR|
2c (CLsinφ+ CDcosφ) dr (11)

St = dFT = 0.5 ρ |vR|
2c (CLcosφ− CDsinφ) dr (12)

To better account for the effect of tip losses on the flow
field an additional source term, representing the tip vortex
induced downwash w (see Figure 4), is computed. The
downwash force is proportional to the force deflecting the
flow around the foil (Sa & St), weighted by a downwash
distribution function that is calculated by taking into ac-
count the blade geometry. A more detailed description of
the GAD-CFD model including the extended downwash
distribution method is presented in [27].

C. 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 inflow and
outflow plane were located 30 D upstream of the front
turbines and 60 D downstream of the rear turbines re-
spectively. A cuboid computational domain is employed.
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TABLE I
COMPUTATIONAL PARAMETERS

No Parameter Settings

1 Computing Astute Linux Clustera

2 Mesh type Unstructured hexahedral

3 Turbulence model k-ǫ RNG

4 Pressurevelocity coupling SIMPLE

5 y+average (nacelle) 30

6 Grad (U) scheme Gauss linear

7 Div (U) Gauss linear upwind

8 Convergence criteria RMS residual < 10-3

Note: Run type and Parallel run (14 partitions run on 2 ×

dual core nodes). a http://enhpc-wiki.swan.ac.uk.

TABLE II
SIMULATION FLOW CONDITIONS

Test Yaw angle, β (◦) Turbulence Intensity, TI (%)

1 0 1

2 0 5

3 0 10

4 2 1

5 8 1

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 was applied at the inlet of
the computation domain. This is applicable here as the
turbine arrays are placed in a wide channel and there-
fore 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 flow, or in
effect an increase in the drag coefficient of the channel,
causing a reduction of flow velocities at the devices [35],
[36], [37]. Under such circumstances, a different turbine
optimisation will be required than for a fixed upstream
flow [36], [37].

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, ǫ, and nut. No roughness
parameter was added and the bottom boundary assumed
a smooth wall. Table I summarizes the computational pa-
rameters adopted for this study. Five sets of simulations,
as illustrated in Table II, were carried out, where 1, 4, 5
differ in yaw angle and cases 1-3 have different turbulence
intensities.

IV. 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×300m×30m 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 us-
ing “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 regions was assessed in [29] and [38]
respectively with the turbine operating close to an optimal
design TSR of 3.0. Based on the recommendations in
these previous studies, subdivisions of 480×120×12 with
total element size of approximately 25M representing a
reasonable compromise in accuracy and computational
cost, was chosen to perform the remaining studies.

V. RESULTS

A. Tidal stream configurations performance at yaw angle, β =
0◦, TI = 1%

This section presents the performance of both regular
and modified array configurations in straight flow condi-
tions, with inlet turbulence defined by TI = 1%. The indi-
vidual devices within the arrays and the hydrodynamic
flow structures between the rotors are also evaluated.
Figures 5 and 6 show the calculated wake velocities
and turbulence intensities for the two configurations.
The overall turbulence intensity in the near wake region
is reduced for the modified formation when compared
to the regular formation (see Figure 6, bottom image).
However, the distribution of turbulence is similar, more
evenly distributed across the near wake region in both
formations.

In the modified formation (Figure 5, bottom image), it
can be seen that the first and third row of rotors accelerate
the incoming flow, whilst the second and fourth rows
benefit from the accelerated flow between the sets of
(upstream) rotors. There is also a significant amount of
flow recovery (about 97%) before the flow finally interacts
with the third and fourth rows. It appears that the lateral
spacing between the first and third set of rotors may have
played a role in the second and fourth set benefitting
from the accelerated approaching flow. Having higher
velocities approaching the rotors can result in an increase
in the extractable power. This is also supported by [29]
who investigated the influence of lateral spacing on tidal
stream turbine array layouts. The authors showed that
having smaller lateral spacing between upstream rotors
in an array can usually result in a reduction in centreline
velocities. Values between the upstream rows of rotors
can also result in values below freestream velocity, hence
lower velocities approaching downstream rotors and this
can reduce downstream rotors performance. The 4D lat-
eral spacing between the first and third row of rotors in
the modified formation (3D lateral spacing for the regular
formation) may have contributed to the improvement in
performance of the second and fourth set of rotors, (see
also Figure 7). The global farm recovery was also slightly
better compared to the regular formation. The computed
power production for the first to fourth rows of ro-
tors in the modified formation were 1.826MW, 1.487MW,
1.411MW and 1.141MW respectively, an increase of 1.54%,
1.89%, 16.99% and 1.99% compared to the regular forma-
tion. This corresponds to a 10.26% increase in overall farm
power. It should also be noted however that, the power
values have been calculated based on a fixed TSR rather
than the local TSR’s at the rotors which would probably
have effects on the overall farm power.
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Fig. 5. Wake velocity: regular formation (top) and modified forma-
tion (bottom) at β = 0◦, TSR = 3 and TI = 1%, Isolines at 95% inlet
velocity.

Fig. 6. Wake turbulence intensity: regular formation (top) and
modified formation (bottom) at β = 0◦, TSR = 3 and TI = 1%.
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Fig. 7. Coefficient of power CP for the two layouts at β = 0◦, TSR
= 3 and TI = 1%

Line samples of the velocities (Figures 8) were taken
downstream of the fourth set of rotors to capture the
fluid characteristics exiting both arrays. The samples were
taken at nine x/D locations. Close to the fourth set of
rotors, individual wakes are distinct, and still identifiable
even at x/D = 45 in both configurations. This shows that
rotor influence can still be present further in the wake
and should be considered when choosing sites to deploy
further rotors. The peak velocity deficits in the combined
or individual wakes is higher for the modified formation
in the near wake at x/D ≤ 15 compared to the regular
formation in terms of velocity deficit. An additional ob-
servation is that the width of the wake increases, about
1.5D compared to the regular formation at 1.2D.

Based on the results above, it is possible for the overall
performance of the array to be further improved by
offsetting the third and fourth rows so that rotors do not
fall directly along the wakes of rotors within the first and
second rows.

B. Tidal stream configurations performance at different yaw
angles, TI = 1%

The tidal stream configuration performances at yaw
was quantified by comparing the yaw results with the
straight flow cases. Two yawed inflow cases were con-
sidered, i.e, β = 2◦ and 8◦. Figures 9 and 10 presents
the coefficient of power, CP and thrust, CT for the two
configurations at the different yaw angles. CP and CT

were calculated based on the inflow velocity and a fixed
TSR.

Considering the front set of turbines in both configu-
rations, a slight reduction in power was observed with
increase in yaw angle. This is because as the incoming
flow is no longer aligned to the turbine blades, a crossflow
is developed across the turbine plane and depending on
the angle of yaw, the axial component of the velocity
would be less, leading to less lift and hence torque. The
computed power production at β = 0◦ for the front four
set of turbines in the modified formation was 1.826MW. At
β = 2◦ and 8◦, the power production reduced to 1.767MW
and 1.733MW respectively, about 3% and 5% less than the
β = 0◦ case. These values are significantly less than the
0.06% and 1.0% reduction in CP 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 turbine
nos 8-14. Starting with the modified formation at the
higher yaw angle, turbine nos 8, 9 and 12 were not
directly affected by the wake of the front set of turbines
(i.e turbine nos 1-4). The inflow to these turbines were
almost similar to freestream conditions (see also Figure
12). This resulted in an increase in their CP values and
a further increase in CP for turbine no 12 which also
took advantage of the bypass flow. All the other turbines
experienced some disturbances from the wake generated
by turbine nos 1-4 and resulted in reduced CP values and
a further decrease in CP in turbine nos 10 and 11 due
to the reduced wake recovery and the smaller recovery
distance of the upstream turbines (nos 5 and 6). In the β
= 2◦ case, all rear turbines with the exception of turbine
no 8 experienced disturbance from the wake generated
by turbines 1- 4. Table III shows the computed power for
each row of turbines at β = 0◦, 2◦ and 8◦. From these
values, it can be seen that in the second set of rotors,
power production decreases as yaw increases but was
the opposite in the third set where power increased with
increase in yaw angle.

Unlike the modified formation in Table III, power pro-
duction decreased as yaw increases in both second and
third sets of rotors for the regular formation, with large
decrease in power recored at β = 8◦. The predicted overall
farm power was 5.32MW, 5.25MW, 3.64MW compared to
5.86MW, 5.83MW, 5.96MW in the modified formation at β
= 0◦, 2◦ and 8◦ respectively. These results 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 CT values in Figure 10 where CT

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 11 and 12 show the calculated wake velocities
for the two configurations at the different yaw angles. The
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Fig. 8. Transverse profiles of the normalized downstream axial velocities for the two layouts at β = 0◦, TSR = 3 and TI = 1%. Note, x/D
locations are behind the centres of the rear rotors.
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Fig. 9. Comparison of coefficient of power CP for the modified
(hollow points) and regular (solid points) formations at different yaw
angles, TI = 1%.
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Fig. 10. Comparison of coefficient of thrust CT for the modified
(hollow points) and regular (solid points) formations at different yaw
angles, TI = 1%.

overall wake structure, wake width and expansion rates
are similar for all three yaw angles. However, 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 Figures 12.

C. Tidal stream configurations performance at different up-
stream turbulence intensities, TI ′s

Interaction of turbulence with tidal turbines is impor-
tant if accurate fatigue predictions are to be made and
turbine reliability optimised. Figures 13 and 14 present
the results for the power and thrust coefficients for the
two configurations at three different upstream turbulence
intensities, TI = 1%, 5% and 10%. The results show that

TABLE III
COEFFICIENT OF POWER CP FOR EACH ROW OF TURBINES IN THE

TWO LAYOUTS AT DIFFERENT YAW ANGLES, TI = 1%

Configuration Row No β = 0◦ β = 2◦ β = 8◦

Modified 1 1.826MW 1.767MW 1.733MW
Modified 2 1.487MW 1.438MW 1.408MW
Modified 3 1.411MW 1.502MW 1.585MW
Modified 4 1.141MW 1.128MW 1.240MW

Regular 1 1.798MW 1.753MW 1.724MW
Regular 2 1.459MW 1.358MW 0.371MW
Regular 3 1.206MW 1.399MW 1.048MW
Regular 4 0.855MW 0.740MW 0.497MW

Fig. 11. Wake velocity for the regular formation at different yaw
angles. Top to bottom: β = 0◦, 2◦, 8◦, Isolines at 95% inlet velocity.

for the front set of turbines in both configurations, TI has
little effect on the mean CP and CT for the TI ′s evaluated
in this analysis, with less than 3% difference. Previous
study [9] has also shown that the mean CP and CT are
only slightly dependent on the turbulence intensity at TSR
values of 1 ≤ TSR ≤ 10. However, a closer inspection of
the plots show some visible differences, especially in the
rear sets of turbines, where it appears that increasing the
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Fig. 12. Wake velocity for the modified formation at different yaw
angles. Top to bottom: β = 0◦, 2◦, 8◦, Isolines at 95% inlet velocity.

turbulence intensity from 1% to 10% increases both CP

and CT .
Table IV shows the computed power production for the

first to fourth rows of rotors for the modified formation
at TI = 1%, 5% and 10%. The results show an increase
of 11% in power production when inlet TI is increased
to 5% and a further increase of 0.25% in the power
production when inlet TI is increased to 10% whilst
in the regular formation, an increase of 4% in power
production is observed when inlet TI is increased to 5%
and a further increase of 7% when inlet TI 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 TI = 1%, 5% and 10% respectively.

These results are very important especially as large ar-
rays are likely to be deployed in staggered arrangements
to maximise the performance of downstream devices and
the model results presented here indicates that TI 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 TI used in
the analysis will likely be found in strait channels without
many features that will increase turbulence levels.

Figures 15-16 show TI influence on the wake velocities
for the two configurations. Again, it can be seen that TI
plays a major role in the wake details. Both wake length
and wake width increase with increase in TI (see also
Figures 17 and 18). Near wake features were similar but
recovery was more quicker in the higher turbulence case.
This is seen more clearly in Figure 16 where the wake
of the front set of turbines recovers more quickly as it
approaches the rear turbines in the higher turbulence case.

Concerning the profiles of velocities calculated down-
stream of the fourth set of rotors in Figures 17 and 18,
large differences exists between the different turbulence
rates. In the modified formation, the maximum deficit is
observed for the lowest turbulence rate in all locations
with the peak occuring at x/D = 5 (and at y/D = 0).

In the regular formation, the maximum defict is similar
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Fig. 13. Comparison of coefficient of power CP for the modified
(hollow points) and regular formation (solid points) at three different
upstream turbulence intensities.
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Fig. 14. Comparison of coefficient of thrust CT for the modified
(hollow points) and regular formation (solid points) at three different
upstream turbulence intensities.

Fig. 15. Wake velocity for the regular formation at three different
upstream turbulence intensities. Top to bottom: TI = 1%, 5%, 10%,
Isolines at 95% inlet velocity.

for TI = 1% and 5% with the peak occuring at x/D = 5.
Positions of the third set of turbines are still visible in this
profile presenting itself as second peaks in the velocity
deficit. This was not seen in the modified formation.
Individal peaks remain the same for the two turbulent
cases even at x/D = 10 and the wakes merge at x/D = 45
for TI = 5% and 10%.

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 both
arrays will have a wider wake when operating in turbu-
lent environments.
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Fig. 16. Wake velocity for the modified formation at three different
upstream turbulence intensities. Top to bottom: TI = 1%, 5%, 10%,
Isolines at 95% inlet velocity.

TABLE IV
COEFFICIENT OF POWER CP FOR EACH ROW OF TURBINES IN THE

TWO LAYOUTS AT DIFFERENT TURBULENCE INTENSITIES

Configuration Row No TI = 1% TI = 5% TI = 10%

Modified 1 1.826MW 1.863MW 1.883MW
Modified 2 1.487MW 1.511MW 1.542MW
Modified 3 1.411MW 1.780MW 1.789MW
Modified 4 1.141MW 1.438MW 1.414MW

Regular 1 1.798MW 1.837MW 1.859MW
Regular 2 1.459MW 1.477MW 1.488MW
Regular 3 1.206MW 1.287MW 1.544MW
Regular 4 0.855MW 0.904MW 1.059MW

VI. CONCLUSIONS AND FUTURE WORK

This paper introduces modelling techniques for better
understanding of the performance variations and wake
effects of two different tidal stream array configurations.
First, a fourteen turbine array with standard hypothetical
staggered arrangement of four rows with constant lateral
and longitudinal spacing of 3.0 and 10.0 diameters respec-
tively was modelled. Then the array layout was 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:

Straight flow conditions

• Compared to the regular formation, wake recovery
to freestream was better and an overall farm power
of the array was increased by over 10%. This is
a significant improvement that would improve the
return on the investment.

• Lateral spacing between devices 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.

Yawed flow conditions

• Power and thrust coefficient decrease with increase
in yaw angle in the front set of rotors in both ar-
rays, and at a much higher rate than predictions by

assuming these decrease as a function of projected
area. However, the results are non-linear with the
move away from optimal TSR in combination with
reduced upstream U to the rear rotors.

• 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 ex-
perienced inflow conditions similar to the freestream
resulting in power and thrust increases.

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

• 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 conditions

• Turbulence was found to help in recovery of axial
velocity in the wake.

• Wake width increases with turbulence intensity in the
far wake, meaning 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
should however be noted that the calculations have
mainly been carried out using a fixed TSR and a
time averaged representation of the flow. It is likely
that using the local TSR’s at the rotors as well as a
transient model could influence the results.

In summary, an efficient method for simulating tidal
stream energy converter 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. Due to the com-
putational 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.

Future work should focus on using the GAD-CFD tool
to account for power tracking by including a stall con-
trol function as well as exploring the impact of variable
inflow conditions and local TSR’s at the rotors on the
power, thrust and wake flow. The run times vary between
approximately 24 to 30 wall clock hours for each case
using a 28 processor hardware. These timings depend
on the size of the domain (quantity of cells), and the
hardware capabilities (processing speed), and speed of
convergence. This is a significant improvement over the
use of fully resolved turbine geometry models. A sliding
grid transient model would require significantly more
resources and time for the array case.
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Fig. 17. Transverse profiles of the normalized downstream axial velocities for the modified formation at three different upstream turbulence
intensities. Note, x/D locations are behind the centres of the rear rotors.
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Fig. 18. Transverse profiles of the normalized downstream axial velocities for the regular formation at three different upstream turbulence
intensities. Note, x/D locations are behind the centres of the rear rotors.
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