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Abstract

Tidal stream energy can contribute significantly to the future energy mix in the UK if harnessed using large-scale tidal
arrays. In order to facilitate grid integration, the time variation of the power output from tidal farms must be assessed.
A conceptual channel scale study is developed for a tidal farm consisting of 100 turbines deployed evenly in 4 rows
with lateral and stream-wise spacing of 2 and 8 turbine diameters, respectively. The interaction between tidal farm and
resource is simulated and mean velocity through the channel is reduced by 11.5% due to the aggregate thrust from the
turbine farm. For an array of identical turbines the capacity factor is 10% and the power output varies by up to 35% of
the rated power. The occurrence of power variations greater than 10% and 25% of rated power is reduced by 15% and
45%, respectively, when a different operating point is assigned to each row of turbines. A RANS-BE model is employed
to further assess the influence of turbine operating point on array power production and support structure on net array
drag. The RANS-BE model is evaluated against two single device rotor geometries and shows good agreement with
an accuracy of more than 95% compared to experimental and numerical studies. The impact of an additional support
structure immediately downstream of two rotors deployed side-by-side is subsequently assessed. The support structure
is modelled as an actuator cylinder with an experimentally obtained drag coefficient of 1.09. The addition of a second
rotor as well as the support structure results in an increase of the wake velocity deficit of 16%. This demonstrates that
support structures can have a significant impact on the downstream flow features. The influence on this on array power
production is subsequently assessed as part of a wider study on modelling power variation of tidal farms.

Index Terms

CFD, Tidal arrays, Tidal stream turbines, Wakes, Support structures

I. INTRODUCTION

As part of the existing awareness of global climate change and worldwide political agendas to lower greenhouse
gas emissions and move towards a low-carbon society, tidal stream energy systems are receiving increasing interest
as a predictable renewable energy source which can play a significant part in achieving policy targets. In the UK,
the technical potential is estimated around 20 TWh/year [1] which could potentially cover up to 10% of the current
annual electricity consumption [2]. Whilst the number of single device studies which pass the prototype development
stage increases and first small- and medium-scale tidal stream turbine array project such as MeyGen, PTEC and Raz
Blanchard become operational, the deployment is still at an early stage. On the other hand, tidal energy can only make
a significant contribution to the future energy mix when harnessed on a large scale because the number of suitable
locations for tidal stream energy is limited [3]. Thus, the focus must be towards assessment of large-scale tidal farms.
Multiple studies have investigated both the power potential of channels and the possible power extraction of idealised
tidal farms. The objective of all studies was either based on the quantification of the maximum power output over a
pre-defined time span [4]–[6] or the optimisation of the array layout to achieve the maximum power output [7]–[9].

Compared to other renewable energy sources such as wind and solar, tides can be predicted far in advance and to
a level of high fidelity. This is in particular beneficial in light of the potential future changes of the power network
requirements. As the penetration of renewable energy sources is steadily increasing and the share of conventional,
synchronous power plants drops, National Grid [10], [11] is predicting a decrease in the system inertia over the next
few years as shown in Fig. 1. This drop is estimated to be within 33% and 56% depending on the potential future
energy mix. Such a reduction of the system inertia will result in a network which is more vulnerable and sensitive
towards frequency fluctuations. Current operation requirements include the ability of any generating unit integrated
in the grid to change its power output by 10% in order to counteract fluctuations of the system frequency caused by
imbalances between power supply and demand. Consequently, as the system inertia decreases, such requirements are
likely to change and future power generation units will have to be able to operate more flexibly and provide frequency
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Fig. 1. Future power network system inertia forecast for different energy scenarios based on the energy trilemma concept [11].

balancing services accordingly. In order to ensure the most beneficial contribution of tidal farms in the near and far
future as well as facilitate the grid integration of large-scale tidal farms, it is necessary to assess the time variation
and flexibility of the power output from the latter. This includes the investigation of the availability of tidal farms to
rapidly increase or decrease, at short notice, the power output if needed and the influence of such operation on the
resource.

This study illustrates some of the challenges associated with time-varying power output prediction through presen-
tation of a conceptual model of an idealised channel flow in which a tidal array is operated with alternative strategies.
Subsequently, a device scale model is evaluated against experimental and numerical results of two turbine geometries
with the aim of accurately predicting the performance and flow characteristics around a single turbine as well as a
group of turbines with and without potential support structures.

II. COUPLING OF SCALES

Due to the constrained environment a turbine device and group is deployed in, simulation of power output from a
large-scale array must consider the coupling between the multiple scales existent in a tidal scheme [12]. This is in
particular important when assessing the time variation of the power output from a tidal farm as a change of operation is
likely to cause an interaction between the different scales existent in a tidal system and shown in Fig. 2. A performance
change of an upstream turbine will influence its wake and therefore the onset flow conditions of a downstream turbine
[13], [14]. Similarly, as outlined in previous studies by inter alia [15]–[17], the existence of a resistance in a channel
due to the extraction of power by a tidal farm will change the behaviour as well as the quantifiable amount of extractable
power from the resource. This is in particular applicable to scenarios which require the change of operating point of
individual turbines or entire banks of turbines within a farm such that the net drag of the turbine array is altered. This
includes also the investigation of the impact of changed array configurations and layouts as well as the deployment
of differently sized turbines with different optimum operating points. In addition to the actual power extraction, tidal
turbine support structures can significantly impact the flow features downstream, even in the case when no power is
generated by the turbine. Aforementioned effects can be simulated in a coastal scale model based on shallow water
equations and this allows the formulation of the power extraction depending on the operating strategy and farm layout
in form of a bed friction term imposing a spatially varying drag force [18], as outlined in Fig. 3.

III. IDEALISED CHANNEL FLOW MODEL

An idealised channel scale flow model is initially employed for efficient evaluation of the influence of alternative
operating points and turbine array configurations on time-varying power output. Whilst this model is simplified, it
still allows the conceptual analysis of the power output from differently configured and operated tidal farms without
neglecting the impact on the resource. This model is used for a preliminary analysis of the power output of an idealised
tidal farm. The farm consists of 100 turbines which are deployed in an aligned layout of 4 rows with 25 turbines in
each row. Each turbine has a diameter of 16 m and the lateral and stream-wise spacing is 2 and 8 turbine diameters,
respectively. The turbine rated power is 2 MW, resulting in a rated capacity of the entire farm of 200 MW. The channel
is 1 km wide and long and 40 m deep. Natural channel friction is calculated using the Manning’s coefficient n = 0.025
s·m−1/3.

Alternative operating scenarios are considered; Firstly, all turbines have the same individual turbine power coefficient
of 0.4. Secondly, each turbine row operates at a different CP , ranging from 0.3 at the first row to 0.45 at the last row,
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Fig. 2. The multi-scale characteristics of tidal systems (adapted from [12]).

TABLE I
TIDAL CONSTITUENTS REPRESENTING THE INNER SOUND OF THE PENTLAND FIRTH [19].

Tidal coefficient Period (h) Amplitude U (m/s) Phase φ Angular frequency
ω · 10−3

M2 12.412 2.55 1.509 0.141
S2 11.999 1.012 1.573 0.145
N2 12.661 0.5804 -2.989 0.138
K1 23.905 0.0695 2.948 0.0729
O1 25.840 0.09017 1.275 0.0676

increasing by 0.05 for each row. Thirdly, both operating strategies are adjusted as an additional structural drag term
is applied, accounting for the drag imposed to the flow by the support structures. The alternative operating strategy is
applied in order to both standardise the loading across the turbines and within the farm. As upstream turbines operate at
a lower CP , downstream turbines are to generate more power as the wake deficit caused by upstream rows decreases,
and so this approach is also expected to reduce the variation of power output from the array as a whole.

A. Onset velocity

Following the idealised model from [17], the free stream channel velocity due to the head difference across the
channel is taken as

U2
0 = 2g∆h (1)

Using a multiple tidal constituent model, the time-varying channel velocity is calculated as the sum of all tidal
constituents

U0(t) =
∑

Ui cos (ωit+ φi) (2)

To represent the Inner Sound of the Pentland Firth, five tidal constituents are derived from the Forecasting Ocean
Assimilation Model (FOAM) as shown in Table I.
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Fig. 3. Flow chart of the multi-scale modelling approach aiming to capture both the device-array scale as well as array-channel scale interaction.

The channel velocity obtained is only applicable to the first row in a tidal farm as additional downstream turbines
are deployed within the wake of the upstream turbines. It has been shown that the downstream wake follows the shape
of a self-similar Gaussian profile [20]. Thus, using the semi-empirical superposition wake model for multiple rows
[9] and the relationships for the centreline deficit and half-width of a Gaussian profile [21] to describe the transverse
velocity profile:

∆Umax
U0

= 0.864
( x
D

) 1
2 − 0.126 (3)

y1/2

R
= 0.412

( x
D

) 1
2

+ 0.500 (4)

the lateral variation of the onset velocity for any turbine in a downstream row can be calculated following the root-
sum-square (RSS) method [22] such that

U = U0 − ∆UTotal = U0 −
√∑

U2
i (5)

For described farm this results in a variation of the downstream velocity for each row, showing that even though a
comparatively large longitudinal spacing of 8 turbine diameters causes the average onset velocity for each turbine at
row 4 to drop by more than 60% and must therefore be accounted for when calculating the power output of a tidal
farm. However, as shown by [15], the channel resource velocity reduces due to the net drag imposed on the flow by
the tidal farm. This has to be accounted for when calculating the practical power output of a tidal farm.

B. Power extraction

The idealised power output of a tidal farm can be defined as

PF,id = NT · PT,id = NT · ρ
2
CP,εATU

3
0 (6)

where ρ is the fluid density, NT and AT are the number and cross-sectional area of the turbines, CP,ε = CP (1− ε)−2

the turbine power coefficient accounting for blockage effects and U0 the unchanged channel flow velocity. However, as
shown by [15], U0 reduces due to the existence of a tidal farm. Thus, the practical power output that can be extracted
by a tidal farm can be estimated according to [17] as

PF,ext = UCρgAC

[
1

2g
+
n2LC

R
4/3
C

]
·
(
U2
0 − U2

C

)
= UC · C1

(
U2
0 − U2

C

) (7)

where n the Manning’s coefficient, AC , LC and RC = (WC ·HC)/(WC+2HC) the channel cross-sectional area, length
and hydraulic radius, respectively, and UC the constrained channel velocity due to the presence of the turbine array.
The change of the channel velocity and consequentially power output for the described tidal farm with 100 turbines
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Fig. 4. Time variation of the channel flow velocity U0 (—), UC (—) as well as the absolute change of channel velocity (—) and its impact on the
power production (—) without and with power extraction of a tidal farm with 100 turbines operating according to the operating strategy of case 1.

TABLE II
AVERAGE POWER OUTPUT AND ANNUAL ENERGY YIELD OF AN IDEALISED TIDAL FARM WITH 100 TURBINES.

Strategy 1 Strategy 2 Strategy 3.1 Strategy 3.2
CP = 0.4 0.3 ≤ CP ≤ 0.45 Strategy 1 with sup-

port structures
Strategy 2 with sup-
port structures

PF,ext (MW) 19.96 17.15 19.89 17.11
EF,ext (GWh/year) 174.85 150.23 174.24 149.88
Capacity Factor (%) 9.98 8.57 9.95 8.55

∆PF,max (MW) 70.21 66.49 70.15 66.45
∆PF (MW) 14.31 12.54 14.27 12.52
Occurrences with ∆PF ≤ 20 MW 2369 2005 2363 2001
Occurrences with ∆PF ≤ 50 MW 311 171 310 169

operating according to scenario 1 is shown in Fig. 4. Accounting for the reduction in channel velocity therefore has
quite a significant impact on the power output of the farm, reducing the onset velocity and average power output and
annual energy yield by approx. 5.0% and 11.5%, respectively.

Subsequently the power output of the tidal farm operating according to the different strategies 1, 2, and 3 are
calculated. For the operating strategies 3.1 and 3.2, the inclusion of the additional structural drag caused by the support
structures results in an additional term in equation 7 such that

PF,ext = UCρgAC

[
1

2g
+
n2LC

R
4/3
C

]
·
(
U2
0 − U2

C

)
− ρNSASCD

2
U3
C

= C1 · UC
(
U2
0 − U2

C

)
− C2 · U3

C

(8)

where NS and AS refer to the number and cross-sectional area of the support structure, respectively, and the drag
coefficient CD is set to 0.97 according to the experimental investigation by [23]. The support structure was chosen to
be of cylindrical shape with a diameter of 0.1 turbine diameters and a height of 20 m which equates the mid-depth
of the channel. Similar to common single devices in the industrial sector, each turbine rotor is deployed on a single
support structure, resulting in a total number of 100 support structures for the described array.

Table II shows a comparison of the results for the different operating strategies. It becomes apparent that the operating
strategy of case 1 leads to a significantly higher averaged power output. Yet this reduction of approx. 14.1% in power
output and annual energy yield is inevitable for case 2 as the upstream turbines, which experience higher onset velocities
and could therefore generate more power, operate at lower power coefficients. On the other hand, when studying the
time variation of the power output and the hourly power output changes as shown in Fig. 5, the operating strategy of
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Fig. 5. Time variation of the hourly power output change for operating strategies 1 (—) and 2 (—), respectively, as well as the absolute difference
of the power output between both operating strategies (—).
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Fig. 6. Histogram of the hourly power output changes for operating strategies 1 (�) and 2 (�), respectively. Note the difference in the y-scale for
0 ≤ ∆P ≤ 30 (left) and 30 ≤ ∆P ≤ 70 (right).

case 2 leads to a 5.2% and 12.4% reduction of the maximum and average hourly power output changes, respectively.
This, in turn, means that there are 45% fewer occurrences over one year where the power output changes by more
than 50 MW as the tidal farm produces a smoother power output.

The inclusion of a drag force due to the existence of support structures with the outlined dimensions has almost no
impact on the power output of the tidal farm and therefore on the time variation of the latter. This can be explained by
comparing the order of magnitude of both constants C1 and C2 from equation 8; Whilst the component C1 accounting
for natural channel friction formulated using the Manning’s coefficient in this particular example is 22.5 · 106 kg·m−3,
C2 accounting for the drag caused by the support structures is only 1.6 · 106 kg·m−3 and therefore only 7% of the
magnitude of C1. Nonetheless, the magnitude of C2 will increase for a larger number of support structures and also
increased dimensions. In addition, the onset velocity of each turbine is calculated using experimental results. The semi-
empirical relationships are obtained from a single turbine operating point but assumed to be constant for a range of
operating points. However, a change of the operating point as simulated in the second operational strategy may result in
different wake characteristics which are not accounted for in this example. In addition, the experiments were conducted
using rotors without support structure. Their impact is therefore neglected in the computation of the semi-empirical
wake relationships and consequently the downstream velocity. Nonetheless this approach allows the investigation of
the time variation of the power output from a farm and indicates that the influence of operating point and support
structure on in-array wake and hence downstream turbine performance has a greater influence on time-varying power
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Fig. 7. Blade Element (BE) model applying a thrust and torque term on each cell (�) to simulate power extraction from a flow (left). The thrust
and torque are derived from the acting lift and drag forces on the blade element (right).

than the influence of these factors on the channel flow.

IV. SINGLE TURBINE MODEL

Whilst support structures contribute to the velocity deficit downstream of a turbine, the main cause for the deceleration
of the flow stems from the thrust of the tidal turbine associated with power extraction. Hence, a Blade Element (BE)
model was developed within the RANS-CFD solver STAR-CCM+ and evaluated for multiple turbine geometries. The
BE model is a well-tested model that has been used extensively within a RANS-CFD solver [14], [24]–[26] combining
comparatively low computational costs and high degrees of freedom in terms of the input parameters as well as allowing
the assessment of both the performance of and the flow conditions around the rotor.

A. RANS-BE model

The BE model is derived from Linear Momentum Actuator Disk Theory (LMADT) and combines both Rotor Disk
and Rotor Blade Theory [27]. Thrust and torque components on a blade element can be calculated as

dT = FTLρσπV
2 (CL cosφ+ CD sinφ) rdr (9)

dQ = FTLρσπV
2 (CL sinφ− CD cosφ) r2dr (10)

where FTL = 2
π cos−1 exp(−N

2
R−r
r sinφ ) is the Prandtl tip loss correction factor derived and expressed by [28], [29], ρ

the density of the fluid, σ = Nc
2πr the blade solidity, r the radial position of the blade element and R the radius of the

blade. It is worth mentioning that the force components on each blade section are calculated for each cell separately
as shown in Fig. 7(a), instead of averaging the geometrical features and flow conditions over the entire blade segment.
The resultant velocity at the blade

V =

√
(U0(1 − a))

2
+ (ωr(1 + a′))

2 (11)

and the resultant flow angle φ = sin−1 U0(1−a)
V are calculated from the stream-wise and tangential velocity components

where ω is derived from the operating point in form of the tip speed ratio

λ =
ωR

U0
(12)

Subsequently, the angle of attack α = φ− β, where β is the twist angle of the blade section, is used to determine the
lift and drag coefficients CL and CD. Finally, the performance of the rotor is quantified using the power and thrust
coefficients

CP =

∫ R

0

ω · dQ
1
2ρADU

3
0

dr and CT =

∫ R

0

dT
1
2ρADU

2
0

dr (13)

Lastly, a blockage correction is applied as outlined in [30] for comparison to experimental data such that

C∗P = CP

(
UT
UF

)3

, C∗T = CT

(
UT
UF

)2

, λ∗ = λ

(
UT
UF

)
(14)

where UF refers to the equivalent water speed without blockage effects.

B. Test cases

The developed RANS-BE model is evaluated against multiple test cases in which a single rotor has been tested
experimentally and also analysed using numerical results. The rotors are using NACA 63-8XX and Göttingen 804
blade profiles and are henceforth referred to as Southampton and Manchester rotor. For each rotor, the geometrical
features provided by [21], [30] are interpolated for 18 radii along the blade span, respectively, ranging from the hub
to the tip radius. Table III summarises the key features of the experimental setup for each rotor. Data for both the lift
and drag coefficients CL and CD was obtained using published tables [21], [25], [31]. Alternatively, the panel code
XFoil [32] can be used if tabulated datasets are not available. The Southampton rotor is modelled for a blade pitch
angle of β0 = 5◦, thus effectively increasing the twist angle of each annulus by 5◦.
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TABLE III
FLUME DIMENSIONS AND OPERATIONAL DATA FOR THE SINGLE ROTOR EXPERIMENTS.

Southampton Manchester

Flume dimensions and rotor position

Length 60.0 m 12.0 m
Width 3.7 m 5.0 m
Depth 1.8 m 0.45 m
Blockage ratio 7.55% 2.54%
Hub immersion -0.84 m mid-depth
Blade profile NACA 63-8XX Göttingen 804

Operational data

Inlet velocity 1.42-1.46 m/s 0.463 m/s
Turbulence intensity 1.0% 12.0%
TSR 4-10 2-8
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Fig. 8. Performance characterisation of the Bahaj rotor using CL, CD datasets by [31] (—) and [25] (—) evaluated against experiments (◦) [30]
and numerical studies by [25] (•) and [14] (– –).

C. Numerical setup

The flow velocity and turbulence are defined at the inlet boundary, neglecting any vertical shear profile across
the water column. A constant pressure boundary condition was applied at the outlet whilst the side, bottom and top
boundaries are modelled as symmetry planes. The hub is modelled as a solid conical cylinder at the front and back
with diameter as in each experiment. This was found to be the most appropriate hub shape when resolving the flow
conditions and lift and drag force components in the near hub region compared to [25]. A structured mesh is used for
the main outer domain whilst the actuator disk region is meshed using a directed mesh with a resolution of 4 cells per
annulus in radial and stream-wise direction and 90 cells in azimuthal direction, respectively. This allows a complete
simulation run of the entire TSR-range with reasonable computational expenses.

D. Model evaluation

Results are presented regarding the performance characteristics of each rotor in form of a CP , CT -TSR curve as
well as the radial variation of loads for the Southampton rotor and the wake prediction of the Manchester rotor. Fig. 8
shows that the described model agrees well with other numerical RANS-BE studies [14], [25] using different datasets
for CL and CD. Compared to the experimental results by [30], [33], the variation of CT agrees very well whilst CP
is slightly overpredicted for TSR values above the optimum operating point. The maximum value and value of CP at
TSR = 6.45 are overpredicted by 3.1% and less than 7%, respectively. Similar agreement can also be observed when
evaluating the radial variation of the loads along the blade against another RANS-BE model (Fig. 9). Whilst [25] also
modelled the near hub region, the RMSE for the remaining 16 annuli is for both dCQ and dCT around 0.12%. Whilst
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Fig. 9. Radial variation of dCQ (•) and dCT (�) for the Southampton rotor evaluated against numerical results by [25] (◦,�) for TSR = 6.
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Fig. 10. Performance characterisation of the Manchester rotor (—) evaluated against experimental results (◦) [21], numerical RANS-BE study (–
–) [14]. The results are plotted along other BEMT predicted curves for the scaled rotor with different CL and CD datasets (– –) and full-sized
rotor (—) [35].

the evaluation of the rotor performance and radial variation of loads along the blade for the Southampton rotor showed
that the developed RANS-BE model can provide good results, the accuracy is still very much dependent on the quality
of the input data. In particular the accuracy of the CL and CD dataset is crucial when predicting the rotor performance.
Here, only two datasets have been employed which show good agreement as can be seen in Fig. 8. For the NACA
63-8XX aerofoil section a range of performance data is available [25], [31], [33], [34]. Using the range available from
the literature, trends for CP and CT as well as the radial variation differ by up to 30% for a single operating point
and between 3% and 20% averaged over the entire TSR operating range.

The developed RANS-BE model is subsequently used to assess the performance (Fig. 10) and wake prediction
(Fig. 11) of the Manchester rotor and compare it to numerical [14] and experimental [21] studies. Similarly to
the Southampton rotor, the variation of CT is well predicted for almost the entire operating range. CP is slightly
overpredicted but a reasonable agreement with the experimental data has been produced, in particular over the TSR
range between 4 and 5 for which wake comparisons are presented. Additionally, the RANS-BE model is able to
accurately predict the wake characteristics downstream of the rotor. Both the highest velocity deficit as well as the
accelerated bypass flow are described as shown in Fig. 11. The wake profiles in particular at a downstream distance of
less than 6 turbine diameters is somewhat narrower, indicating that the turbulence levels in the near wake region are
not strong as observed experimentally, causing in turn a slightly slower wake recovery. Nonetheless, the overall RMSE
for the lateral span from -1.5 to 1.5 turbine diameters is 6.49% (x = 4D), 4.92% (x = 6D), 4.0% (x = 8D) and 3.97%
(x = 10D) and therefore less than 7% at each downstream location. This decrease in the RMSE for further downstream
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Fig. 11. Comparison of the wake velocity (—) against experimental (◦) and numerical (– –) results by [14] for λ = 4.5. Numerical results are only
available for downstream distances of x = 4D and x = 8D.

locations indicates that the wake recovery is slightly slower in the numerical study and provides some confidence in
use of this approach for the row separations considered here.

V. GROUPS OF TURBINES WITH AND WITHOUT SUPPORT STRUCTURE

The single device model is extended to analyse the impact of a tower representing a support structure positioned
0.19D downstream of the centrepoint between two rotors that are deployed at 1.5D transverse spacing. Both rotors
are modelled as in the previous section and rotate either clockwise (CW) or counter-clockwise (CCW). The rotors
are deployed in a CW-CCW and CCW-CW setup, with the first and second rotor referring to the left and right rotor
when looking downstream, respectively. The configuration follows the experimental setup of [23] and the tower extends
across the entire column. The drag applied to the flow by the tower is modelled with an actuator type model where
the drag force is defined as

FDTower
=

1

2
ρCDTower

ATowerU
2
0 (15)

and applied as a force per volume term in stream-wise direction. Based on experimental results [23], the tower drag
coefficient CDTower

is set to 1.09 whilst the tower diameter is 0.076 m. A contour plot of the stream-wise velocity in
the near wake region is shown in Fig. 12. Evidently an accelerated bypass flow is generated between both rotors. The
existence of the additional support structure, however, skews the wake of both rotors slightly outwards.

Fig. 12. Contour plot of the stream-wise velocity in the near wake region of two rotors deployed side by side. A tower representing a support
structure is positioned immediately downstream of the two rotors, imposing no drag (left) and an actuator-based drag force (right) on the flow.

This effect is also apparent at the lateral downstream velocity profiles in Fig. 13. Whilst in the case of no support
structure the accelerated bypass flow in the centre reaches almost the same speed as the inlet velocity at a downstream
location of 4D, the additional drag due to the tower causes an additional velocity deficit. Both the acceleration and
deficit propagate gradually downstream and are still observed at 12D. The velocity deficit in both cases is more
distinctive, ranging for a downstream location at x = 10D from U/U0 = 0.697 to 0.792. This is a larger deficit than
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Fig. 13. Comparison of the wake velocity for two rotors deployed side by side with (—) and without (– –) a tower downstream for λ = 4.5. The
colour coding refers to a CCW-CW (— / – –) and CW-CCW (— / – –) rotor setup.
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Fig. 14. Prediction of the performance characteristics of the Manchester rotor in a two rotor setup with (—) and without (– –) a tower downstream
without applying a blockage correction and compared to the single rotor results (—).

the single rotor wake of 16.1% and 4.7%, respectively. On the other hand, the existence of the tower has an impact
on the performance of both rotors, as shown in Fig. 14. Both CP and CT expectedly increase due to the blockage
effects due to an additional rotor. On the other hand, the existence of the tower downstream has a slight influence on
the performance of the upstream rotors, as CP and CT decrease for the main operating range where TSR is between
4 and 6 by 3.3% and 1.1%, respectively. This is caused by the increased pressure in the near-wake of the rotor due
to the tower which results in a lower pressure drop across the actuator disks. The study shows that the drag of a
support structure can have significant impacts on the performance of adjacent rotors. Additionally, the downstream
wake characteristics can be altered significantly which in turn impacts downstream rotors. Thus, support structures are
important to be included to be able to account for the additional flow alteration and downstream effects.

VI. CONCLUSION

A study has been presented that is part of the development of a multi-scale modelling approach aiming to assess
power variation from tidal turbine arrays to inform power network integration. Future power generation units are likely
to be required to operate more flexibly and adjust their power output accordingly by at least 10% to provide frequency
balancing services. A multi-constituent idealised channel-scale flow model has been employed to assess power output
variation for an idealised farm with alternative operating strategies. Two operating strategies were employed where the
power coefficient was kept constant at 0.4 and varied across the farm within a range of 0.3 and 0.45. It was shown
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that employing a strategy with the aim to smoothen the variation of the power output across the array, the average
power output and annual energy yield decrease by 14.1%. The latter also results in a smoother power supply profile
as the occurrences of hourly power output changes above 50 MW are reduced by 45%. The addition of an additional
channel friction term to account for the drag caused by the support structures does not have a significant impact on the
power output. As the channel flow model is based on multiple assumptions, more sophisticated models are required to
account for a change in the wake structure due to a change in operating point of the turbine as well as the additional
drag imposed by the turbine support structures. This is explored with a RANS-BE model which is validated for thrust,
power and wake prediction against prior laboratory studies. The influence of a tower on wake mixing and recovery is
subsequently assessed. Compared to the single turbine wake the velocity deficit at a downstream distance of 10D is
increased by 16.1%. This approach provides the basis for reassessment of array performance with alternative operating
strategies accounting for the influence of support structures on rotor performance and wake recovery. This will then be
used as input in a more sophisticated coastal scale flow model to assess the time variation of the power output from
a tidal farm accounting for alternative operating strategies and different tidal farm layouts.
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