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Abstract

A key hydrodynamic difference between tidal current and wind turbines is the volume-flux constrained flow
field in which tidal turbines operate and the resulting streamwise static pressure difference that develops in
the flow passage. Blade Element Momentum (BEM) theory is extended to account analytically for the effects
of blockage and the development of the static pressure difference in the flow passage and shows agreement
in thrust and power predictions to within ±3% of equivalent blade resolved simulations. The confined flow
BEM model is employed to study two different power capping strategies: varying the rotational speed with
fixed pitch blades; and pitching the blades to feather at constant rotational speed. Pitch-to-feather achieves
reduced thrust above rated flow speed which leads to a greater extractable resource than achievable with
overspeed control, due to the feedback between device thrust and available tidal resource. Flow confinement
is shown to reduce the flow speed at which rated power occurs, and increases the rotor loads and power below
rated conditions. It is also shown that root bending moments, which affect fatigue damage rates, increase
with flow confinement.
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The adaptation of established techniques for the analysis of wind turbines has allowed much progress to1

be made in the understanding of axial flow tidal current turbines. The analysis of an actuator disc in a2

confined flow field by Garrett and Cummins established the importance of the blockage ratio, B, the ratio3

of rotor swept area to the cross sectional area of the surrounding flow passage [9]. It was shown that the4

maximum power coefficient of an actuator disc increases by a factor of (1−B)−2 above the Lanchester-Betz5

limit of 0.593 when blockage effects are considered, allowing tidal current turbines to achieve higher power6

coefficients than wind turbines. Physically, this is because a static pressure drop is established in the blocked7

flow between far upstream and downstream of the turbine, allowing a greater pressure drop to be supported8

across the turbines, thereby increasing the peak thrust and extractable power as the local blockage ratio9

increases. Whereas the maximum extractable power for a wind turbine is achieved by reducing the flow10

speed through the turbine plane to two thirds of its upstream value, for a tidal turbine maximum power11

occurs at a monotonically reducing flow speed through the turbine plane as the blockage ratio is increased.12

Furthermore, as the blockage ratio increases and the bypass flow passage becomes more constrained, the flow13

speed bypassing the turbine increases [27].14

There has been interest in the fields of both the wind and tidal stream energy in understanding and quantifying15

the effects of flow confinement on rotor performance, such as those encountered in wind tunnels and water16

flumes. Experimental investigations of tidal rotors have confirmed the uplift in rotor thrust and power that17

occurs with increasing blockage ratio [1], and Chamorro et al. [6] demonstrated that blockage effects can18

increase spanwise flows along rotor blades and increase the level of rotor-induced turbulence in the wake.19

Similar dependence on blockage has been observed for wind turbines in tunnels, with Sarlak et al. [19] noting20

that the significance of the effects also depends on rotor thrust. Understanding the effect of blockage on21

rotor performance has particular importance for rotor design, as increased blade loading can result in larger22
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root bending moments [18], as well as allowing the for possibility of improved device performance if inter-23

turbine spacing is carefully controlled to exploit constructive interference effects between turbines through24

flow confinement [2, 26].25

The change in flow conditions due to blockage effects can be related to turbine performance, given rotor26

properties such as aerofoil lift and drag coefficients, and blade twist and solidity using Blade Element27

Momentum (BEM) theory. BEM theory has been widely used for wind turbine analysis and design, and28

has increasingly been applied to tidal current turbine analysis and design. BEM theory, as applied to wind29

turbines, does not consider the effect of blockage on rotor performance. One approach for addressing this30

in the context of tidal turbines has been to embed the blade element analysis within a computational fluid31

dynamics (CFD) simulation, where the blade element model is unchanged from that for wind turbines and32

the effect of the constrained flow field is simulated explicitly to account for blockage effects (for examples, see33

[13], [20], and [7]). An alternative to performing blade element-CFD simulations is to modify the momentum34

equations in BEM theory to take the effects of blockage into account, such as by using the models presented35

in [9] or [28]. A blockage-corrected analytic BEM model provides a tractable tool which may be used in36

the design and analysis of tidal turbines. In particular, a blockage-corrected BEM tool provides an efficient37

method for investigating the multitude of design cases necessary to develop a robust rotor design, such as38

rotor performance in off-design conditions, performance during power capped operation, and rotor design in39

blocked conditions. Turbine design in blocked conditions is particularly important if designs are to approach40

the higher power coefficients predicted by the simple analytic theory of Garrett and Cummins.41

This paper develops a blockage-corrected BEM model using the rigid lid momentum model of Garrett and42

Cummins to provide a semi-analytic tool which is validated against blade boundary layer resolved simulations.43

The blockage-corrected tool allows the rapid exploration of the blockage and tip speed ratio operational44

space of turbines, and is used to investigate the performance of rotors in blocked conditions. The rotor45

characteristics (performance as a function of flow speed) determined with such an analytic BEM method46

allow long turbine fences to be simulated without the need for expensive three dimensional numerical models47

by providing sub-grid scale turbine models suitable for depth-averaged simulations.48

1. Effect of Blockage on Momentum Theory49

Wind turbines are generally modelled as operating in unconfined flows in which there is full recovery of the50

static pressure far downstream of the rotor. Garrett and Cummins showed with Linear Momentum Actuator51

Disc Theory (LMADT) that momentum removal from a constant volume-flux flow by a turbine results in a52

static pressure deficit in the far wake of the rotor, and hence a static pressure gradient is established in the53

flow passage containing the turbine [9]. This static pressure gradient results in a greater achievable pressure54

difference across the rotor plane as compared to unblocked flow. There is hence a greater flow speed through55

the rotor plane of the blocked rotor for a given level of thrust, which generally increases the torque and56

therefore the power, depending on the angle of attack of the blades.57

The flow speed through the rotor plane and in the wake of the rotor depends on the applied thrust and58

blockage ratio, and consequently the momentum equations within the unconfined BEM formulation must be59

modified to account for this additional dependency. The changes to momentum theory for the confined flow60

case are outlined herein; a detailed account of unconfined BEM theory may be found in [5].61

Figure 1 is a schematic of the flow past a rotor in a volume-flux constrained flow. The upstream boundary of62

the confined BEM model is derived from the larger-scale flow around the turbine, which may, for example,63

be the flow through a fence of turbines that is being simulated in a depth-averaged coastal scale model. This64

provides the upstream flow speed, ua, which is taken as the reference velocity for the turbine-scale model. The65

flow through the rotor swept area is divided into N independent annular streamtubes of width δr, which are66

bounded by the bypass flow. The downstream boundary of the finite blockage BEM model is the streamwise67

point at which the static pressure equalises across the annular streamtubes and the bypass flow, although68

the possibility of differing flow speeds between the bypass and each annular streamtube is allowed.69
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Figure 1: Diagram of the blockage corrected BEM model. Station one is far upstream of the rotor plane, station two just
upstream of the rotor plane, and station four is far downstream of the rotor plane, where the static pressure equalises across the
core and bypass flows.

The flow past the rotor is analysed at four stations; station one, which is far upstream of the rotor and70

unaffected by its operation (at least within this turbine-scale model), station two, which is immediately71

upstream of the rotor, station three, which is immediately downstream of the rotor, and station four, which72

is far downstream of the rotor at the position where static pressure may be considered as having equalised73

between the core and bypass streamtubes. The mixing processes between the core and bypass flows, which74

result in further energy removal from the flow, are assumed to occur entirely downstream of station four, and75

result in a uniform flow with speed identical to that far-upstream, as shown by Garrett and Cummins [9].76

Energy extraction from a sub-critical open channel flow implies that the free surface elevation must decrease77

slightly far downstream. This phenomenon is negligible for the range of Froude numbers (0.10 to 0.20) at78

sites of interest for tidal stream energy, although could be incorporated into the analysis using computational79

models or momentum theory that includes free surface deformation, e.g. [11]. Assuming no other work is80

done on the fluid, momentum removal by the rotor results in a static pressure drop between stations one and81

four of ∆p = p1 − p4. The induction factors used to describe the velocity u2di through the ith streamtube at82

the rotor plane, a2i, and the velocity u4di in the wake of the turbine, a4i, are defined relative to the reference83

flow speed ua:84

u2di = (1− a2i)ua; u4di = (1− a4i)ua. (1)

Likewise, the induction factor, b4, for the bypass velocity at the static pressure equalisation point, u4b, is85

defined relative to the reference velocity as:86

u4b = (1 + b4)ua. (2)

Conservation of mass, momentum, and energy is considered in each of the annular streamtubes. At the rotor87

plane the ith annular streamtube is at a radius ri from the centre of rotation and has a radial thickness of88

δri (usually assumed to be uniform across the blade span), so that δAi ≈ 2πriδri. Conservation of mass89

requires:90

δA1iua = δAiua(1− a2i) = δA4iua(1− a4i), (3)

where δA1i and δA4i are the cross-sectional areas of the ith streamtube at stations one and four respectively.91

Conservation of energy is described upstream and downstream of the rotor plane and through the rotor92

bypass by the Bernoulli equation:93

p1−p2i =
1

2
ρu2

a

(

a22i − 2a2i
)

, p3i−p4 =
1

2
ρu2

a

(

a24i + 2(a2i − a4i)− a22i
)

, p1−p4 =
1

2
ρu2

a

(

b24 + 2b4
)

. (4)

Conservation of momentum in the ith streamtube relates the thrust to the change in static pressure and94

momentum of the fluid:95

p1δA1i + p∗δA∗
− p4δA4i − δTi = −ρδAiu

2
a (1− a2i) a4i, (5)
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where p∗δA∗ is the unknown streamwise force acting on the surface of streamtube as it expands between96

stations one and four. Following Nishino and Willden [17], we assume slow expansion of the streamtube so97

that the unknown streamwise force may be accounted for with the approximation:98

p1δA1i + p∗δA∗ = p1δAi (1− a2i) + p∗δA∗
≈ p1δA4i = p1δAi

(1− a2i)

(1− a4i)
, (6)

i.e., the additional force contribution from the expanding streamtube is approximated as the increase in force99

that would result from the static pressure at station one being applied over the streamtube cross-sectional100

area at station four. Equations (3) to (5) are combined in the usual way as described in [9] to yield the101

following key results used in the following analysis. Using conservation of mass, the momentum equation (5)102

can be manipulated to yield the incremental thrust δTi:103

δTi = ρπriu
2
a

(1− a2i)

(1− a4i)

(

b24 + 2(b4 + a4i)− 2a24i
)

δri. (7)

The expressions in (4), combined with the definition that the incremental thrust is the product of the static104

pressure difference between stations two and three and the swept area of the annulus, δTi = (p2i − p3i) δAi,105

gives an expression for δTi in terms of a4i and b4:106

δTi = ρπriu
2
a

(

b24 + 2(a4i + b4)− a24i
)

δri. (8)

Equating the two expressions for annular thrust, (7) and (8), a cubic in a4i is found:107

a34i − a24i (1 + 2a2i) + a4i
(

2a2i −
(

b24 + 2b4
))

+
(

b24 + 2b4
)

a2i = 0. (9)

In the limit as b4 → 0, which implies that the bypass flow speed tends to the free-stream flow speed, the108

unconfined wind turbine theory result of a4i = 2a2i is recovered, and the familiar unconfined BEM model109

is recovered. Empirical relationships (e.g. the turbulent wake state model of Buhl [4]) between rotor thrust110

and induction factor are typically adopted when the thrust coefficient approaches unity, where unconfined111

momentum theory implies that nonphysical wake velocities develop. Similar empirical models have yet to be112

developed for confined flows, although it is expected that the transition to turbulent wake state modelling113

will occur at higher thrust coefficients as the wake flow speed increases with blockage for a given thrust level.114

Therefore, it is expected that confined momentum theory will produce physically meaningful wake velocities115

at higher thrust levels as the blockage ratio increases. However, the influence of blockage on turbulent wake116

state modelling represents an area of future work required to further advance analytic models of turbines in117

confined flows.118

Closure of the system of equations for the confined BEM model requires an additional equation for b4, which119

may be found through analysis of the bypass flow. Conservation of mass in the flow passage between stations120

one and four requires:121

−Acb4 =

N
∑

i=1

δA4i (1− a4i)−

N
∑

i=1

δA4i (1 + b4) , (10)

where the summation occurs over the N annular streamtubes, and Ac is the flow passage cross-sectional122

area. Equation (3) allows the streamtube cross-sectional area at station four to be written in terms of the123

streamtube area at the rotor plane and the ratio of induction factors at the rotor plane and at station four:124

−Acb4 =

N
∑

i=1

δAi

(1− a2i)

(1− a4i)
(1− a4i)−

N
∑

i=1

δAi

(1− a2i)

(1− a4i)
(1 + b4) . (11)

Streamtube expansion downstream of the rotor is constrained by the flow passage boundaries, and is hence125

a function of the blockage ratio. Observation of numerical simulations (see Appendix A) shows that the126

streamtube ratio (1− a2i) / (1− a4i) is, to a first approximation, uniform across the streamtubes, indicating127

that the streamtubes expand uniformly in the rotor wake. The exception to this occurs near the rotor tip,128
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where the tip loss has a significant influence on the flow expansion in the numerical simulation. Hence, the129

streamtube expansion ratio is assumed to be constant in this model and defined as κ = (1− a2i) / (1− a4i).130

The value of κ ≥ 1 for physically meaningful turbine results, where κ = 2 corresponds to the unconstrained131

wake expansion case of a wind turbine operating at the Betz limit. Furthermore, we define the average wake132

induction factor, a4, as an area-weighted average of the wake induction factors:133

a4 =

∑N

i=1 δA4ia4i
δA4i

=

∑N

i=1 δAiκa4i
∑N

i=1 δAiκ
=

1

Ad

N
∑

i=1

δAia4i (12)

Noting that the swept area of the rotor, Ad, is defined as Ad =
∑N

i=1 δAi, so that the blockage ratio134

B = Ad/Ac, Equation (11) becomes:135

b4 = Bκ (a4 + b4) . (13)

The expansion of the wake, and hence the wake induction factor, is a consequence of the rotor thrust and136

constraining effect of the flow passage boundaries. Expressions for κ and a4 may be found by considering the137

momentum removed by an equivalent single actuator disk applying the same total thrust as the actuator disk,138

divided into concentric annuli, analysed herein. Following the actuator disk model of Garrett and Cummins139

[9], continuity allows κ to be written as:140

κ =
b4 − a4 + 2

b4 − 2a4 − 1
. (14)

Equations (13) and (14) are used to determine a4, which in combination with Equation (8) allows an141

expression for b4 in terms of the rotor thrust coefficient, CT = T/ 1
2
ρAdu

2
a, where T =

∑

δTi is the total142

thrust applied by the rotor, and the blockage ratio B to be derived:143

3(1+b4)
4
−4(1+b4)

3
−2(1+b4)

2 (1 + CT (2−B))+4(1+b4) (1 + CT (2−B))−(1−BCT )
2
−4CT = 0. (15)

The solution to the quartic equation determines the value of b4 that is consistent with the pressure gradient144

which develops in the flow passage between stations one and four due to the thrust, CT , applied to the flow.145

The angular velocity of the rotor is Ω, and an angular velocity induction factor a′2i is induced in the ith146

annular ring at the rotor plane resulting in a whirl velocity of a′2iriΩ. Generalised BEM analyses for wind147

turbines have allowed the induced angular velocity to vary in the wake, resulting in an additional factor a′4i148

in the rotor wake. An additional equation or a similarity relationship e.g.
a′

2i

a2i

=
a′

4i

a4i

[25] is required, but in149

the absence of a physical basis and for simplicity, the generalised approach is not adopted in this work. The150

incremental torque, δQi, on the ith annular ring can be found in a similar manner to the incremental thrust151

by considering conversation of angular momentum in an annular ring:152

δQi = 4πρr3i ua(1− a2i)Ωa
′

iδri. (16)

2. Finite Blockage BEM153

Expressions for the incremental thrust and torque are required to relate blockage-corrected momentum theory154

to the lift and drag forces acting on the rotor blades. The flow angle between the relative velocity urel,i and155

the direction of rotation of the ith segment of a blade is defined as φi = αi + βi, where αi is the angle of156

attack and βi is the blade twist angle. Defining the number of rotor blades as NB and the blade element157

chord length to be ci, this gives:158

δTi =
1

2
ρu2

rel,iNBci (Cli cosφi + Cdi sinφi) δri, (17)

where Cli and Cdi are the sectional lift and drag coefficients of the blade element respectively. Equating159

the thrust increment on the ith annulus required to satisfy momentum conservation, Equation (7), to that160

generated by the blade increments in the ith annulus, (17), an expression for a2i may be found:161

a2i =
σi(1− a4i) (Cli cosφi + Cdi sinφi)− sin2 φi

(

b24 + 2(a4i + b4)− 2a24i
)

σi(1− a4i) (Cli cosφi + Cdi sinφi)
(18)
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where σi =
NBci
2πri

is the solidity of the ith annular ring. Equation (9) is used to update the solution for a4i.162

The torque may be expressed in terms of the forces on the blade element as:163

δQi =
1

2
ρu2

rel,iNBciri (Cli sinφi − Cdi cosφi) δri. (19)

Eliminating δQi between (16) and (19) yields an expression for the annular angular induction factor:164

a′2i =
σi (Cli sinφi − Cdi cosφi)

4 sinφi cosφi − σi (Cli sinφi − Cdi cosφi)
. (20)

BEM analysis usually assumes that all fluid particles passing through the swept area of a rotor annulus165

undergo the same loss of momentum, which implies that the rotor has sufficiently many blades to ensure that166

all fluid particles interact with a blade as they pass through the rotor plane [5]. Corrections exist to account167

for the effects of a finite number of blades on the rotor performance, such as the Prandtl-type tip loss models168

[3], which reduces the azimuthal average axial induction factor a2i to zero as the rotor tip is approached, and169

has been implemented here (using Glauert’s formulation [10]):170

Fi =
2

π
arccos e−fi , fi =

NB

2

R− ri
ri sinφi

. (21)

where the tip loss factor Fi = a2i/ab2i is the ratio between the azimuthally averaged induction factor, a2i,171

and the induction factor at the blade position, ab2i (the same ratio applies for the other induction factors).172

The tip loss factor multiplies the azimuthally averaged induction factors a2i, a4i, and a′2i in the momentum173

equations, whereas the blade element equations are written in terms of the blade-local induction factors.174

Consequently, applying the tip loss factor slightly modifies the form of Equations (18) and (20). It should be175

noted that the Prandtl tip loss model may not describe accurately the flow conditions near the tips of highly176

blocked tidal turbine rotor blades, as the flow speed in the bypass will be greater than the free stream flow177

speed. The effect of the volume flux constraint on the interaction between the free stream flow and rotor tips178

is currently unknown, and further work will be required to assess the suitability of tip loss models for highly179

blocked turbines.180

The blockage-corrected BEM problem can be solved given the specification of the rotor’s blockage ratio B,181

tip speed ratio, λ, and rotor data, such as lift and drag curves with respect to angle of attack, blade twist182

and solidity data, and the flow speed. The solution procedure of the blockage-corrected BEM model also183

requires that initial distributions of a2i and a′2i (blade-local) are specified. Uniform distributions a2i = 0.3184

and a′2i = 0.01 are specified herein, which are then used to compute the flow angle:185

tanφi =
ua(1− a2i)

riΩ(1 + a′2i)
. (22)

The angle of attack is then determined, allowing the lift and drag coefficients to be determined, and186

consequently the thrust of each blade element to be calculated from Equation (17). The sum of the thrust187

is then used to determine the rotor thrust coefficient CT , which allows the bypass induction factor, b4, to188

be determined from Equation (15). The updated b4 is used to calculate the wake induction factor, a4i, from189

Equation (9). New estimates for a2i and a′2i are then calculated using Equations (18) and (20) respectively,190

from which the new flow angle, φi, is calculated from (22), and the solution iterated. The system of equations191

is solved iteratively until convergence to a relative error of 10−6 is achieved.192

3. Comparison to Blade Resolved Simulations193

The confined BEM model derived above is compared to a suite of blade resolved computations performed by194

Wimshurst and Willden [30, 29]. Wimshurst and Willden analysed the performance in uniform flow of two195

different tidal turbine rotors, which were designed to maximise turbine power coefficient in blockage ratios of196
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Figure 2: Comparison of the rotor twist (a) and solidity (b) for the blocked and unblocked designs of Schluntz and Willden
[21] and modifications to rotor geometry in the blade resolved simulations of Wimshurst and Willden [30]. The rotor radius
R = 10 m.

B = 0.010 (unblocked) and B = 0.196 (blocked) respectively. Wimshurst and Willden performed the steady197

Reynolds Averaged Navier Stokes (RANS) blade resolved computations in OpenFOAM, using a multiple198

reference frame approach to model a 120◦ wedge encompassing one blade. The computational domain was199

divided into two regions to permit a fine resolution near the rotor blade, coupled through an arbitrary mesh200

interface to a coarser outer domain. The wall-adjacent cells along the blade surface of the inner domain were201

sized to ensure that the cell centroid lay within the logarithmic law region, so that the dimensionless wall202

distance lay in the region 30 < y+ < 300. Turbulence closure was provided using the k − ω SST turbulence203

model of Menter [15]. Further details and results of the computations may be found in [30, 29, 32].204

Both the blocked and unblocked turbines were designed to operate at a tip speed ratio of λ = 5.0. The205

rotors, with a diameter d = 20 m, had a nacelle of diameter dhub = 0.15d, and used the Risø-A1-24 blade206

section along the entire span of the blade, with the relatively thick aerofoil section, insensitivity to leading207

edge roughness, and gradual stall transition being considered as good properties for tidal stream turbine208

applications [30]. The rotors used by Wimshurst and Willden were adapted from earlier designs developed209

by Schluntz and Willden [20], with modifications made to the blade chord and twist distributions, shown in210

Figure 2, inboard of the radial position r/R = 0.25 to blend the aerofoil into a cylinder for attachment to211

the nacelle. Slight modifications were also made to hold the blade twist constant outboard of r/R = 0.90.212

Although the trailing edge was thickened in the blade resolved computations to aid the meshing process,213

the BEM comparisons presented herein will be computed using 2D aerofoil data at a chord-based Reynolds214

number Re = 12 × 106 [8] which includes a sharp trailing edge. A study by McNaughton [14] and analysis215

by Wimshurst and Willden [30] reported that this does not significantly alter the fluid-dynamic performance216

of the aerofoil.217

Comparison is made of thrust and power coefficients predicted for the unblocked rotor design with blade218

resolved simulations and the analytic confined BEM model in Figure 3 for four different blockage ratios.219

The confined BEM model substantially under-predicts the integrated rotor quantities at the lowest tip speed220

ratios simulated (λ ≤ 4) where significant portions of the blade are expected to be stalled based on the221

2D aerofoil characteristics and calculated angle of attack. The additional spanwise component of flow that222

develops along a rotating blade (not modelled in BEM theory) has been observed to delay the onset of stall223

[24], and hence there is a difference between the predictions of the two models. The magnitude of the blade224

surface pressure gradients that give rise to the spanwise flows depend on the magnitude of the incident flow,225

which increases with tip speed ratio. It may be possible to improve agreement in this region by correcting the226

2D lift and drag polars used in the BEM model by applying a stall delay correction to the data, or extracting227

the polars at a range of radial locations from the blade resolved computations to account for the effects of228
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Figure 3: Power coefficient, CP (a) and thrust coefficient CT (b) variation with tip speed ratio λ for the unblocked rotor in four
different blockage ratio domains. The solid red lines indicate results from blade resolved computations, and the dashed blue
lines indicate results from the confined BEM model.

spanwise flow.229

At higher tip speed ratios, agreement between the BEM model and blade resolved computations is reasonably230

good for all blockage ratios. Because the angle of attack of the incident flow is small (α < 10◦), the flow231

remains attached to the blade surface and the approximation of blade forces using 2D aerofoil polars (with the232

Prandtl tip loss model employed) performs reasonably well. The power and thrust coefficients increase with233

blockage ratio as the increased confinement of the bypass flow around the rotor allows a greater streamwise234

static pressure drop in the flow passage encompassing the rotor to develop. When operating at a given tip235

speed ratio λ, the increased static pressure difference along the flow passage due to increasing blockage ratio236

results in a higher flow speed through the rotor plane, resulting in larger blade forces and thus increased237

rotor thrust and power. The relative difference in power coefficient, CP , predicted by the confined BEM and238

blade resolved methods at λ = 5.0 is small, varying from 0.5% for B = 0.010 to approximately 3% when239

B = 0.196. For comparison, there is an approximately 20% change in CP between the two blockage ratios240

at λ = 5.0. The relative difference in CT reduces from almost 3% in the lowest blockage case to 1.25% in241

the highest blockage case. The relative differences in CP and CT remain within similar magnitudes across242

the four blockage ratios considered herein as the tip speed ratio varies. The general trend for the BEM243

model under-predicting the power coefficient and over-predicting the thrust coefficient can be investigated244

by considering the variation in axial and tangential forces per unit span with radial position.245

Figure 4 compares the predictions of axial (Fax) and tangential (Ftn) force per unit span for the unblocked246

rotor at a tip speed ratio λ = 5.0 in a domain of blockage B = 0.01. Close agreement is observed between247

the confined BEM and blade resolved predictions for Fax, with discrepancies near the root section (inboard248

of r/R = 0.25) and near the blade tip (r/R > 0.9). The differences inboard of r/R = 0.25 arise as a result249

of slight differences in the rotor geometry used in the two models, as the BEM model did not implement250

all the geometrical modifications employed in the blade resolved computations in order to taper the blades251

to a cylindrical attachment to the nacelle. The relative difference in axial force per unit span between the252

confined BEM and blade resolved models is small for the majority of the blade span beyond r/R > 0.25,253

although the agreement between the two models diverges near the blade tip, with the confined BEM model254
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Figure 4: Spanwise variation in axial force Fax (a) and tangential force Ftn (b) per unit span for the unblocked rotor operating
at λ = 5.00 in B = 0.01. Results from the blade resolved computations of [30] are shown in red, and the blue lines indicate
results from the confined BEM method.

over-predicting Fax. The reduction in blade forces near the tip in the BEM model is driven by the Prandtl255

tip loss model, and comparison between Fax in the confined BEM and blade resolved results suggests that256

improved agreement in integrated thrust could be achieved if a tip loss model that more closely accounts for257

the greater spanwise flow induced load reduction at the blade tips were applied, such as that of Shen and258

Sørensen [22] or Wimshurst and Willden [31]. The tip loss effects also depend on flow confinement, as shown259

in the discrepancy between integrated thrust and power coefficients between the blade resolved and BEM260

solutions in Figure 4. Whereas the Prandtl tip loss model returns the azimuthally averaged axial flow speed261

at the blade tip to the freestream flow speed, one effect of flow confinement is that the bypass flow around262

the rotor is accelerated to greater than the freestream speed. This discrepancy increases with blockage ratio,263

although the effect on the rotor thrust and power is differs due to the difference in how the resultant force264

vector rotates near the tip, as discussed in [32]. This could be accounted for through improved tip loss265

modelling for confined flow environments where the bypass flow is accelerated.266

As shown in Figure 4, the confined BEM model generally predicts a lower tangential force per unit span than267

that simulated in the blade resolved computations, which gives rise to the under-prediction of integrated rotor268

power as shown previously in Figure 3. The largest relative differences in Ftn between the confined BEM and269

blade resolved models are observed at smaller values of r/R, with a maximum difference of c. 14% occurring270

at r/R = 0.4. This phenomenon has also been observed for wind turbines (e.g. [23]), and arises because the271

effects of three dimensional flow along the blades such as rotational augmentation are not represented in the272

2D aerofoil data. As the magnitude of Ftn is smaller than Fax, the impact of these three dimensional flow273

effects is proportionally larger in the tangential direction. Inboard, the contribution to rotor torque is smaller274

than regions further outboard, where agreement between the two models is better, and hence there is better275

overall agreement for rotor torque (and hence power) than with Ftn between the two models. Although both276

modelling approaches predict a reducing Ftn near the tip region, the BEM model predicts a higher value than277

the blade resolved computations for r/R > 0.9, which is a consequence of an inadequate rate of reduction of278

blade forces with span through the Prandtl tip loss model. A more sophisticated tip loss model, which would279

reduce Ftn for r/R > 0.9, could result in a reduction in CP which in turn may reduce agreement between280

the BEM and blade resolved results.281
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4. Rotor Performance in Power Capping282

Power capping will be an important feature of tidal turbine design and operation in order to balance the283

capital cost of the turbine and generator with the power (and therefore revenue) available from the fluctuating284

tide. Between the cut-in flow speed (here assumed 0.5 ms−1) and rated flow speed, the turbine operates at285

the peak power coefficient and corresponding tip speed ratio in order to maximise power. The unblocked286

rotor design, with diameter d = 20 m, used by Wimshurst and Willden [30] is adopted, and modelled in287

water of depth h = 2d. It is assumed the rotor is deployed in a side-by-side fence configuration with other288

rotors, with an inter-turbine spacing ratio s/d = 1, giving a blockage ratio B = 0.196. Figure 5 shows that289

a peak power coefficient of CP = 0.61 is predicted with the confined BEM model, compared to CP = 0.49290

with unconfined BEM. The confined flow passage surrounding the turbine can support the development of291

a larger static pressure difference across the rotor, and thus greater rotor thrust. This effect is modelled in292

the confined BEM method, and consequently the rotor operates at higher λ = 6.5 in order to maximise CP ,293

than when analysed with the unconfined BEM model, where λ = 5.0.294

Setting the turbine rated power to be 1 MW, the rated flow speed is determined to be ur = 2.17 ms−1, as295

compared to ur = 2.33ms−1, when the effects of flow confinement are accounted for. The difference in rated296

flow speeds in the two cases has important practical consequences, as it means that turbines operating in a297

blocked environment achieve rated flow speed at a lower speed, and experience higher thrusts, than predicted298

from an unblocked analysis. Above the rated flow speed, the power coefficient must reduce as (ur/ua)
3
in299

order to maintain rated power until the cut-out flow speed (here taken as 3.5 ms−1) at which CP = 0.15.300

Common power capping strategies for wind turbines can be broadly grouped into two categories: fixed pitch301

and variable pitch [5]. In the fixed pitch case, rotor blades are installed at a prescribed pitch angle, and the302

turbine is controlled by altering its rotational speed. In the variable pitch case, the pitch of the rotor blades303

can vary, providing an additional degree of freedom to control the turbine. Two dimensional aerofoil theory,304

used in the BEM model, does not provide a good approximation to flow around the turbine blades in stall,305

so the analysis herein is conducted assuming that the turbine is operated in overspeed conditions (where the306

flow remains attached) in the fixed pitch case, and pitch to feather in the variable pitch case.307

The analytic BEM model is used to explore the effect of the different power capping control strategies on rotor308

performance. The required variation in power coefficient with flow speed is independent of control strategy309

and is shown in Figure 5. The turbine operates at the peak power coefficient until the rated flow speed is310

achieved, which must then reduce as the flow speed increases further. The reduction in power coefficient is311

achieved by varying the rotational speed of the fixed pitch rotor, increasing tip speed ratio in order to avoid312

stall. This is discussed further below. For simplicity, it is assumed that the variable pitch rotor operates at a313

constant rotational speed once rated power is achieved, which corresponds to the optimal rotational speed of314

the generator, and thus λ ∝ (ur/ua) for ua > ur. Other power control strategies, such as variable pitch and315

variable speed, and fixed pitch and fixed speed, are also possible, but are beyond the scope of the present316

work. Hence, we adopt the shorthand ‘fixed pitch’ to refer only to the fixed pitch, variable speed case, and317

‘variable pitch’ to refer only to the variable pitch, fixed speed case.318

4.1. Fixed Pitch, Variable Speed319

Control of fixed pitch turbines during rated power operation is achieved by varying the rotational speed of the320

rotor to move away from the peak power coefficient. As seen in Figure 6, the peak power coefficient reduces321

as the tip speed ratio moves away from the optimal value for the blocked (λ = 6.5) and unblocked (λ = 5.0)322

cases. The flow over the blades may stall at low tip speed ratio and is difficult to represent accurately in323

BEM theory based on two dimensional aerofoil data. Consequently, only overspeed operation is analysed324

herein for a fixed pitch turbine, although it should be noted that the minimum suction surface pressure on325

the rotor blades reduces as λ increases, making cavitation more likely under overspeed control.326

The required change in tip speed ratio for the fixed pitch rotor as flow speed increases is shown in Figure327

5. A greater change in tip speed ratio is required in confined flow case, as rotor starts with a higher value328

of CP at a lower rated flow speed, and hence a greater change in operating condition is required than in329
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λ
Figure 5: (a) Required variation in power coefficient, CP , and (b) tip speed ratio, λ, with flow speed ua for a variable pitch (solid
lines) and a fixed pitch (dashed lines) turbine operating in a blockage ratio B = 0.1960 using confined (blue) and unconfined
(red) analytic BEM theory. Note in (a) that the variable pitch and fixed pitch curves are the same.

unconfined flow. The corresponding change in thrust coefficient, CT , can be determined from the confined330

and unconfined analytic models and is shown in Figure 6. CT is constant and corresponds to that required331

to maximise CP between cut-in and rated flow speed, after which there is an initially rapid increase in332

CT as the rated flow speed is exceeded and λ increases, slowing as the flow speed increases further. CT333

is under-predicted between cut-in and rated flow speed in the unconfined case, as compared to when flow334

confinement is considered (CT = 0.90 vs. CT = 1.14 respectively), as the increase in thrust that occurs due335

to the streamwise static pressure difference that develops in the flow passage is not modelled.336

This combination of lower rated flow speed and large required change in λ in the confined flow case, means337

that CT increases more significantly, both relatively and in absolute magnitude, than in unconfined flow to338

a final value of CT = 1.54 vs. CT = 1.01 respectively. Consequently, the unconfined analysis of the rotor339

significantly underestimates the peak loads by approximately 50% at cut-out (3.02MN compared to 1.97MN).340

Although the effect of blockage results in an increased turbine power coefficient, and thus a given rated power341

can be achieved at lower flow speeds, there is also an increase in thrust loading on the turbine, which can be342

particularly significant for fixed pitch turbines. Thus, not accounting for the effects of blockage on turbine343

loading may have a significant impact on the structural integrity and fatigue life of fixed-pitch tidal turbines.344

4.2. Variable Pitch, Fixed Speed345

During rated power operation, variable pitch turbines alter the pitch of the turbine blades to change the angle346

of attack and thereby reduce rotor power. For simplicity, it is assumed here that above rated flow speed the347

rotational speed of the rotor is fixed at that achieved at rated power, although in the general case this too, in348

principle, may be changed in order to optimise rotor performance. Although variable pitch-fixed rotational349

speed operation defines a single target CP − λ trajectory for power capping, this may itself be achieved by350

either increasing the pitch of the blades (to feather) or decreasing the blade pitch (to stall), to move through351

a family of CP − λ curves such as those shown in Figure 7. Pitch-to-feather only is investigated herein, as352

stall conditions are not accurately modelled with 2D aerofoils in BEM theory.353

Increasing the blade pitch angle results in a CP − λ curve in which peak CP is achieved at lower values of354

λ and envelope width is reduced. The CP − λ trajectory required during power capping, shown in red, is355
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λ

Figure 6: (a) Power coefficient variation with tip speed ratio and (b) thrust coefficient variation with flow speed for the fixed
pitch turbine in confined (blue) and unconfined (red) flow, with inter-turbine spacing ratio s/d = 1 (B = 0.1960). The peak
power coefficient is denoted with a circle, and the required change in CP as flow speed increases above rated power is shown
with a solid line.

similar, but not the same for the blocked and unblocked cases. The blocked case starts from a higher initial356

CP and λ, and although the value of CP at the cut-out flow speed is the same for the two cases, the rotor357

in the blocked domain operates at higher λ as the rotational speed (determined by λ required for maximum358

CP ) is higher (Ω = 1.41 rad s−1 vs. Ω = 1.17 rad s−1). As shown in Figure 7, a smaller change in blade359

pitch angle is required for the rotor in the confined domain (16◦) as compared to the unconfined domain360

(18◦) between the rated and cut-out flow speeds. The variation in CT during power capping is determined361

by evaluating CP −λ curves for a range of blade pitch angles and matching the curves to the required CP −λ362

trajectory, resulting in a pitch control strategy and ensuing thrust variation; see Figure 8.363

The thrust coefficient between cut-in and rated flow speed is higher in confined flows (CT = 1.14 vs. CT =364

0.90). As the rated flow speed is lower in confined flows, ur = 2.17 ms−1, CT starts reducing at lower flow365

speeds when flow confinement effects are considered. The thrust coefficient predicted in the confined flow366

model reduces below that predicted with the unconfined BEM model at a flow speed ua = 2.28 ms−1. The367

thrust coefficient in the unconfined analytic model begins to reduce once the rated speed ur = 2.33 ms−1
368

is achieved, with the difference between the confined and unconfined BEM models reducing as flow speed369

increases. There is a difference of CT = 0.01 at the cut-out flow speed ua = 3.50 ms−1, with the thrust of370

the rotor in the confined domain being slightly lower than that in the unconfined domain. The differences371

arise as a result of the higher rotational speed of the rotor in the blocked domain, which is determined as372

a function of the operating conditions at the peak power point. The effect of blockage on the rotor thrust373

reduces above rated flow speed, as when the rotor thrust is low there is little acceleration of the bypass flow374

around the turbine and consequently little change in the static pressure difference that develops in the flow375

passage. Consequently, there is only a small difference in the blade pitch angle at cut-out for the confined376

and unconfined cases, 16◦ and 18◦ respectively.377

4.3. Turbine Parameterisation Within Farm-scale Models378

The combined CP and CT vs. flow speed predictions provide the necessary coupling between turbine379

performance characteristics and the flow conditions to parameterise simplified models of turbines to be380
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Figure 7: Power coefficient CP vs. tip speed ratio λ predicted for unconfined BEM (a) and confined BEM (b) with four positive
pitch to feather angles β (dashed blue lines), and target CP − λ curve for the variable pitch (solid red line) power capping
regime. Inter-turbine spacing ratio is s/d = 1 (B = 0.1960), and prior to power capping, the turbine operates at the peak power
coefficient, indicated with a circle.

implemented within analytic and computational models of tidal turbine arrays or farm planning models. In381

particular, this coupling may be used to overcome the difficulties of parameterising tidal turbines in depth-382

averaged simulations, as discussed in [12]. Determining the turbine thrust is also important for predicting383

the impact that energy extraction will have on the tidal resource. The greater levels of thrust required by384

turbines in the fixed pitch case indicates that more momentum will be removed from the flow, and therefore385

a greater impact on the surrounding environment is expected than for pitch to feather turbines which apply386

c.16% of the thrust to yield the same power at the highest flow speeds. Thus, neglecting the effects of flow387

confinement will lead to mis-estimation of turbine thrust and consequently the impact of energy extraction388

on the tidal resource. Additionally, this will have important implications for the structural design of turbines,389

discussed further below.390

4.4. Bending Moment391

An important design consideration is the compromise between hydrodynamic efficiency, for which thinner392

blades are preferred, and structural integrity, which requires thicker blade sections, particularly near the393

blade root. Following Burton et al. [5], it is possible to determine the forces acting on the blade in the394

in-plane and out-of-plane directions. These forces, acting at a distance from the blade root, generate bending395

moments that must be resisted by the structural design of the blade. The out-of-plane force acts in the396

direction of the thrust force, and can be expressed by rearranging Equations (8) and (17) for the force per397

unit length on an individual blade, Fxi at the ith radial position:398

Fxi =
1

2
ρu2

rel,i (Cli cosφi + Cdi sinφi) ci =
ρπu2

a

NB

(

b24 + 2b4 + 2a4iFi (1− a4iFi)
)

(ri
R

)

R, (23)

where Fi is the Prandtl tip loss factor which is applied to account for the reduction in induction factor399

towards the tips. Similarly, the force per unit length acting on a blade in the in-plane direction, Fyi, (defined400

positive in the torque opposing direction) can be found with Equations (16) and (19):401

−Fyi =
1

2
ρu2

rel,i (Cli sinφi − Cdi cosφi) ci = 4πρλu2
a (1− a2iFi) a

′

i

Fi

NB

(ri
R

)2

R. (24)
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Figure 8: Thrust coefficient CT vs. flow speed ua for the pitch to feather turbine as predicted by the confined (blue) and
unconfined (red) analytic BEM models. Inter-turbine spacing is s/d = 1 (B = 0.1960), and prior to the rated flow speed the
turbines operate at the peak power coefficient and corresponding thrust coefficient.

The quantities in Equations (23) and (24) are computed in the course of solving the BEMmodel, and therefore402

do not represent significant additional computational costs. Blade root edgewise, Medge, and flapwise, Mflap,403

bending moments are calculated, following Moriarty [16], by integrating the in-plane and out-of-plane bending404

moments along the blade span and then transforming the moments into the blade root edgewise and flapwise405

coordinate system:406

Medge =

∫ R

rhub

Fxrdr sinβr +

∫ R

rhub

Fyrdr cosβr, Mflap =

∫ R

rhub

Fxrdr cosβr −

∫ R

rhub

Fyrdr sinβr (25)

where βr is the blade root pitch angle.407

Root bending moment increases at a rate proportional to u2
a below rated flow speed, as shown in Figure 9,408

with the flapwise root bending moment being larger than the edgewise root bending moment. Root bending409

moments also increase with blockage due to the increased rotor loads that arise from the larger streamwise410

static pressure difference in the channel. Above rated flow speed, edgewise and flapwise root bending moments411

increase in the fixed pitch case, and decrease in the variable pitch case.412

Flapwise and edgewise root bending moments increase significantly in the fixed pitch case above rated flow413

speed, as shown in Figure 9. Overspeed control of the turbines above the rated flow speed results in a414

reduction of angle of attack, α, on the blades, and hence the lift to drag ratio of the aerofoil significantly415

decreases. Consequently, whilst rotor torque reduces in order to maintain rated power, there is a significant416

increase in rotor thrust, which dominates the contributions to the in-plane and out-of-plane blade forces. The417

rate of increase in flapwise and edgewise root bending moment reduces at higher flow speeds as the required418

rate of change of tip speed ratio with flow speed reduces. Above rated flow speed, which occurs at a lower419

flow speed when blockage constrains flow expansion, the difference in turbine control has an important effect420

on the change in root bending moment, with a larger change in tip speed ratio, and thus change in angle of421

attack required as blockage increases.422

Pitching the blades to feather above rated flow speed results in a reduction in flapwise and edgewise root423

bending moment as a result of the reduction in tip speed ratio and rotor thrust during power capping,424

resulting in smaller in-plane and out-of-plane forces acting on the rotor blades. Figure 9 shows that the peak425
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Figure 9: (a) Edgewise (Medge) and (b) flapwise (Mflap) root bending moment vs. flow speed ua for fixed (dashed) and
variable (solid) pitch operation, as predicted by confined (blue) and unconfined (red) analytic BEM. Inter-turbine spacing is
s/d = 1 (B = 0.1960), and prior to rated flow speed the turbines operate at the peak power coefficient and corresponding thrust
coefficient.

flapwise and edgewise root bending moments are larger and occur at lower flow speed in confined rather than426

unconfined flows due to the larger blade forces that occur when the turbine operates in blocked conditions.427

The difference in peak flapwise root bending moment between the two cases (1784 kNm vs. 1641 kNm428

respectively) is relatively smaller than the difference in peak edgewise root bending moment (641 kNm vs.429

505kNm) due to the significantly larger blade forces that arise in blocked conditions when the rotor operates430

at peak power. Although the peak edgewise root bending moment is larger and occurs at a lower flow speed,431

in blocked flows (Figure 9 a), the confined and unconfined models predict a similar magnitude for Medge432

at higher flow speeds, with the reduction in tangential (torque) direction forces dominating the change in433

edgewise bending moment (see Equation 25). The reduction in flapwise root bending moment is dominated434

by the change in axial (thrust) forces above the rated flow speed, with the difference in rotational speed of435

the rotor in the two models, determined by conditions at the rated flow speed, contributing to the difference436

in Mflap between the models.437

The differences in flapwise and edgewise root bending moment above rated flow speed between the fixed pitch438

and variable pitch power capping cases results in maximum loading conditions that must be considered in439

the structural analysis of a turbine. The maximum loading condition in the fixed pitch case occurs at the440

highest flow speeds due to the increase in blade loads and root bending moment when the turbine operates441

in overspeed control. Conversely, the reduction in blade loading and root bending moment above rated flow442

speed for the turbine with pitch-to-feather power capping implemented means that the maximum loading443

condition occurs at the rated flow speed for the turbine. In both power capping control cases, operating in444

a confined flow environment results in higher blade loading and root bending moments at lower flow speeds445

than are predicted in an unconfined flow. Consequently, higher blade loads and moments are encountered446

at lower speeds in confined flows, which increases how quickly fatigue damage is accumulated by the rotor447

blades.448
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5. Conclusions449

Blade element momentum theory has been extended to account analytically for the effects of confined flow450

passages on the momentum equations. Momentum removal from an unbounded flow field, as is typically451

assumed for wind turbines, results only in a velocity deficit in the wake of the turbine. However, in a volume-452

constrained flow field a streamwise static pressure difference develops as a result of momentum removal from453

the flow, allowing turbines to exert a greater thrust and thereby increasing the peak power coefficient that454

can be achieved as the blockage ratio increases. The unconfined BEM equations have been modified by455

accounting for the effects of blockage in the momentum equations of the theory. The velocity deficit in the456

far wake, relative to that at the turbine plane, is a function of the blockage ratio, and the equations are closed457

by relating the far wake core velocity, far wake bypass velocity, the static pressure and the turbine thrust458

using the linear momentum actuator disc model proposed by Garrett and Cummins [9].459

The analytic confined BEMmodel was compared to blade boundary layer resolved computations of Wimshurst460

and Willden [30] predicting the rotor thrust and power coefficients across a range of inter-turbine spacing461

(blockage) ratios, as well as through comparison of spanwise variation in axial and tangential blade forces. As462

the blockage ratio was increased, both the blade resolved computations and the confined BEMmodel predicted463

increases in the power and thrust coefficients, with the confined BEM model overestimating rotor thrust by464

approximately 3%, and underestimating power by a similar magnitude at design conditions. By comparison,465

an unconfined (wind turbine) BEM analysis does not predict the increase in thrust and power coefficient as466

the blockage ratio varies. Good agreement was achieved for the spanwise variation in axial force per unit span467

between the confined BEM and blade resolved models, with differences at inboard locations (r/R < 0.25)468

arising from the modification of rotor geometry in the blade resolved simulations, and differences near the469

tips (r/R > 0.9) being affected by the tip loss model that was employed. There were larger discrepancies470

in the prediction of tangential force per unit span between the blade-resolved and BEM models because the471

relative importance of 3D flow phenomenon not represented in the 2D aerofoil characteristics employed in472

BEM models, such as spanwise flow along the blades, is greater.473

The confined BEM model provides a tool for the rapid assessment of turbines in a range of different operating474

conditions. Two different control strategies were investigated; fixed pitch power capping with variable475

rotational speed, and variable pitch power capping with fixed rotational speed. The effects of the power476

capping strategies on the thrust applied to the flow, affecting the tidal resource, and the edgewise and flapwise477

root bending moments, affecting the structural loads on the turbines, were investigated and compared to the478

predictions of an unconfined (wind turbine) BEM model.479

Comparisons between the confined BEM model and an unconfined (unblocked) BEM model show that480

blockage causes the device loads and power to increase for realistic blockage ratios. Consequently, the root481

bending moments, and therefore structural requirements of the rotor blades, are higher in confined flows482

below rated flow speed. Blockage also affects how the bending moments change with flow speed once rated483

power is achieved. Specifically, rated power is reached at a lower flow speed and more often through the484

spring-neap tidal cycle, and the peak loads are higher in blocked flows. As a result of the higher blade loads,485

the fatigue damage rates change for both fixed and variable pitch devices as the effect of blockage increases.486

A fixed pitch power capping strategy offers mechanical simplicity, which has attendant reductions in cost,487

but was found to result in an increase in rotor thrust and edgewise and flapwise root bending moments when488

overspeed control is used, presenting structural challenges. Reducing the rotational speed at fixed pitch,489

leading to stall along the blade, could be used as an alternative control strategy. The rotor thrust coefficient490

reduces at lower rotational speeds, although improved two-dimensional aerofoil data, including stall delay,491

would be required to fully analyse this operational regime. A variable pitch power capping strategy is more492

mechanically complex, but results in a decrease in rotor thrust and root bending moments, which may be493

structurally beneficial. Furthermore, the reduction in thrust is important with respect to minimising the494

overall impacts on the tidal environment, and the smaller structural loads may improve device lifespan.495
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Appendix A. Streamtube expansion ratio499

Single turbine Reynolds-Averaged Navier Stokes (RANS) embedded Blade Element Actuator Disk (BE-500

AD) simulations, as described in Vogel and Willden [26], were performed to investigate the variation of501

the expansion ratio (1− a2i) /(1 − a4i) with blockage and turbine thrust. The numerical simulations were502

performed as steady computations in ANSYS Fluent 15.0, which uses a finite volume method to solve the503

3D incompressible RANS equations. The k − ω SST model was used to provide turbulence closure.504

The turbine was modelled using the ‘porous jump’ boundary condition in Fluent which allows a streamwise505

static pressure discontinuity and swirl velocity to be imposed on the flow. Blade element theory was used to506

relate the simulated flow field to the turbine forces. The Prandtl tip loss model was applied to account for the507

tip loss effects near the edge of the simulated actuator disk. The turbine was simulated in a cylindrical domain508

that extended 10d upstream and 20d downstream of the rotor plane in the x direction. The domain radius was509

adjusted to achieve three different blockage ratios: B = 0.0001, B = 0.0507, B = 0.1960. Slip wall boundary510

conditions were applied to the lateral boundaries. The working fluid was seawater (ρ = 1025 kgm−3), with511

a dynamic viscosity µ = 0.001 Pa.s. A uniform velocity profile of ua = 2 ms−1 was applied to the inlet, and512

the outlet prescribed to maintain constant gauge pressure. The turbulence intensity in the domain decreased513

from c.15% at the inlet boundary to c.4% at the rotor plane, as there was no shear in the domain. A514

block-structured hexahedral meshing strategy was used to discretise the computational domain. Details of515

the mesh convergence study may be found in Vogel and Willden [26], where the final resolution of the single516

turbine mesh contained approximately 2.5m cells and had a minimum cell dimension of d/200 at the rotor517

plane.518

Hub-height axial velocity was extracted from the simulation results at the rotor plane (x = 0d) and at the519

point of static pressure equalisation across the flow, which occurred approximately 2d downstream of the rotor520

plane. Figure A.10 shows the κ = (1 − a2i)/(1 − a4i) ratios in the three blockage ratios at three tip speed521

ratios (λ = 5.00, 6.00, 7.00). Generally, κ increases with λ, which corresponds to greater momentum removal522

from the flow. The κ ratio is larger for the blocked than the unblocked rotor for a given (B, λ) combination,523

as the greater blade solidity of the blocked rotor results in higher rotor thrust. Increasing the blockage ratio524

reduces the κ ratio, as the effect of flow confinement is to constrain the wake expansion, resulting in higher525

downstream velocities and thus smaller κ ratios. The κ ratio is generally constant (within 5-10%) across526

the majority of the blade span, decreasing at r/R > 0.8 towards the blade tips as tip loss effects become527

significant. Flow acceleration around the nacelle is observed to affect the κ ratio at small spanwise distances528

r/R < 0.3.529
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black) conditions. Three different tip speed ratios λ are shown in each blockage case; λ = 5.00 (solid), λ = 6.00 (dashed), and
λ = 7.00 (dot-dashed).
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