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Abstract
Maximising the performance of a tidal turbine array requires the turbine resistance to be ‘tuned’ for a given channel and turbine
arrangement. In many cases, tuning the turbines to produce the maximum power coefficient presents too great a resistance to
the incoming flow and results in a lower power output. Recent studies have shown that, as compared to using a fixed tuning,
considerably more power can be produced by varying the turbine resistance over the tidal cycle. To our knowledge, however,
this higher power output has only been demonstrated for highly idealised models, which use an additional drag force or a
uniformly porous disc to represent the turbines. In this study, we re-examine these tuning strategies using a more realistic
turbine model, which is based on the blockage-corrected blade element momentum theory. We find that, as compared to the
idealised actuator disc, the importance of tuning is significantly reduced for the more realistic tidal rotor, and that this is
particularly true for rotors with fixed blade pitch. We also find that the maximum amount of power produced by the blade
element momentum rotor, averaged over the tidal cycle, is typically 60–70% of that produced by the actuator disc.
Keywords Tidal stream power · Tidal turbine · Tidal channel · Actuator disc theory · Blade element momentum theory

1 Introduction
Much of the global tidal stream power resource is located
in narrow channels, where the energy present in the tidal
flow is concentrated to produce fast tidal streams (Vennell
et al. 2015). In extracting part of this energy, however, tidal
turbines present an additional resistance to flow, which acts to
slow and divert these streams. Understanding this interaction
between the turbines and the incoming flow is vital to the
accurate assessment of tidal stream power resources and the
optimal design of tidal turbine arrays (Adcock et al. 2015).
Vennell (2010) was the first to show that maximising
the performance of a tidal turbine array requires the turbine resistance to be ‘tuned’ for a given channel and turbine
arrangement. By combining the simple tidal channel and
bounded actuator disc models of Garrett and Cummins (2005,
2007), Vennell (2010) showed that for turbines in channels,
the maximum power depends not only on the power coefficient, but also on the thrust coefficient, which, together
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with the channel’s natural dynamic balance, determines the
throughflow velocity. Vennell (2010) also showed that large,
optimally tuned turbine arrays can realise most of a channel’s
energy potential, and later demonstrated, following Adcock
(2012), that varying the tuning over the tidal cycle can produce a higher power output, often without increasing the
maximum loading on the turbines and whilst also maintaining a higher channel flow rate (Vennell 2016).
The works of Vennell (2010, 2016) provide key insights
into the importance of tuning for tidal turbines in channels,
but are, to a certain extent, limited by their turbine representation. Actuator disc theory provides a useful starting point
for the analysis of tidal turbine performance, and has proven
valuable in establishing upper bounds on the power available
to rows of turbines placed at candidate tidal power sites (e.g.
Adcock et al. 2013). However, modelling the turbine rotor as
a uniformly porous disc neglects the structure of the turbine
blades, and thus offers only an idealised description of turbine performance (e.g. Hau and von Renouard 2003; Burton
et al. 2001).
In this paper, the works of Vennell (2010, 2016) are
extended to incorporate a more realistic turbine representation, which is based on the blockage-corrected blade element
momentum theory of Vogel et al. (2018). This more advanced
low-order model relates the flow through the turbine plane to
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the blade forces developed by the rotor, and may be used
to consider different approaches to turbine tuning, which
include varying the rotational speed and/or pitch angle of
the turbine blades. As well as providing a broader parameter
space within which to explore turbine performance, the introduction of the tidal rotor affords opportunities to re-examine
the importance of tuning for tidal turbines in channels and to
compare the actuator disc, which has been used extensively
in theoretical and numerical models of tidal stream power,
with a more realistic model of turbine performance.
This study presents the blockage-corrected blade element
momentum rotor as a potential replacement for the actuator disc. Though blade element momentum theory retains a
number of simplifying assumptions, it offers a more accurate description of turbine performance than does the porous
disc, and at only marginally greater computational cost. For
the blade element model, the performance also depends, naturally, on the design of the rotor. Given that the blades selected
are broadly representative of those which may be used for
tidal power, however, this analysis should provide useful,
general insights into the importance of tuning for tidal turbines, and its role in maximising the power available from
tidal channels.

2 Model
2.1 Tidal channel
A simple analytical model, which has been used extensively
in the theoretical study of tidal stream power (e.g. Garrett and
Cummins 2005; Vennell 2010; Adcock and Draper 2014),
is used to describe head-driven flow through an idealised
tidal channel connecting two infinite oceans. Though simplistic, this model is able to capture the leading-order effects
of energy extraction on channel dynamics at low computational cost, which simplifies greatly the process of optimising
turbine deployments.
As in previous studies, a number of assumptions are made
to simplify the analysis. First, it is assumed that the channel is
sufficiently short that the volumetric flow rate does not vary
along its length. It is then assumed that the variation in water
depth within the channel is sufficiently small that the crosssectional area of the flow does not vary in time. Assuming a
single-constituent tide, a quadratic seabed drag, and negligible drag from turbine support structures, the equation governing the channel-scale flow may then be presented in dimensionless form, following Garrett and Cummins (2005), as

dQ
+ (λ1 + λ0 )Q|Q| = cos(t),
dt
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(1)

and solved using a fourth-order Runge–Kutta method. The
key dimensionless parameters are the volumetric flow rate,
Q, turbine drag, λ1 , and natural dynamic balance, λ0 , which
describes how the tidal forcing is balanced, in the absence
of turbines, by the drag and inertial forces acting on the
flow. Realistic values for the latter term typically range
between λ0 = 0.1 for deep, ‘inertia-dominated’ channels
and λ0 = 5 for shallow, ‘drag-dominated’ channels (Vennell
et al. 2015), but a broad range of values is considered herein:
0 ≤ λ0 ≤ 10.
Garrett and Cummins (2005) have shown that there is a
maximum amount of power that can be extracted from a
tidal channel, and that both this maximum extractable power
and the optimal turbine drag, λ1 , depend solely on the value
of λ0 . A recent study by Kreitmair et al. (2019) has used
this simple channel model to show how uncertainty in the
value of specific inputs (the bed roughness coefficient, in this
case) can propagate through the model to produce uncertain
optimal tunings and maximum power estimates. Uncertainty
will be an important consideration for studies of real tidal
power sites, where bed roughness and other parameters must
be carefully calibrated prior to undertaking resource assessments, but is not considered in this study, where the aim
is simply to compare between different idealised models of
turbine performance.
This study focuses on maximising the time average of the
power available to the turbines after the subtraction of localscale wake mixing losses (e.g. Adcock et al. 2013). This
quantity may be expressed in dimensionless form, following
Adcock and Draper (2014), as
P=

1
N BCP |Q 3 |,
2

(2)

in which N is the (non-dimensional) number of (full-width)
turbine rows, CP is the turbine power coefficient, and B is the
blockage, which is defined as the ratio of turbine swept area
to flow cross-sectional area. If the turbine resistance is held
constant throughout the tidal cycle, the task of maximising
P is trivial: a fixed tuning is used to achieve a certain CP and
hence P, the value of which may be maximised by selecting
the optimal fixed tuning. The task becomes quite complex,
however, if the tuning parameters are allowed to vary in time.
To simplify this more complicated optimisation problem,
the tidal cycle is divided into M equal sub-cycles. Within each
of these shorter periods, the turbine resistance is held constant
and a simple optimisation algorithm, which begins with a
selection of pseudorandom variables, is used to determine the
set of fixed tunings which maximise P. In this way, M fixed
tunings over M sub-cycles are used to approximate the optimal temporally varying tuning. The optimal M fixed tunings
are obtained herein using MATLAB’s ‘GlobalSearch’ function, and the resulting value of Pmax is found to be insensitive
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to the initial set of pseudorandom variables. Model solutions
do depend on the choice of M, but the resulting value of Pmax
is found to converge with increasing M. Increasing the value
of M above 20 is found to yield increases in Pmax of < 1%,
and so a value of M = 20 is chosen for ease of computation.

2.2 Actuator disc
Actuator disc theory provides perhaps the simplest description of an axial flow turbine. In the theory, the rotor, which
comprises a number of blades rotating about a central hub, is
described as a simple porous disc which presents a uniform
resistance to the flow passing through it. The concept of the
actuator disc is well established in the literature; a detailed
account of the underlying theory is provided by Burton et al.
(2001).
Having proven valuable in the analysis of wind turbines,
actuator disc theory was adapted for use with tidal turbines
by Garrett and Cummins (2007), who extended the classical
unbounded theory due to Betz (1920) and Joukowsky (1920)
to incorporate the effects of blockage. To achieve this, Garrett and Cummins (2007) replaced the unbounded flow field
with a volume-flux-constrained flow field, which describes
bounded flow with a ‘rigid lid’; that is to say, a free surface which does not deform in response to energy extraction.
The bounded disc model of Garrett and Cummins (2007) has
since been further extended to explore more realistic flow
conditions (e.g. Houlsby et al. 2008; Vennell 2010; Draper
et al. 2013, 2016) and optimal arrangements for tidal turbines (e.g. Nishino and Willden 2012; Draper and Nishino
2014a, b; Vogel et al. 2016; Gupta and Young 2017).
The key parameters in this bounded disc model are the
blockage, B, basin efficiency, η (which is defined, following
Adcock et al. (2013), as the ratio of available power, P, to
the total amount of power removed from the flow), and turbine tuning, which is represented herein by a local resistance
coefficient, k, defined, following Draper et al. (2014), as
k=

b42 − (1 − a4 )2
,
(1 − a2 )2

(3)

in which a2 is the rotor induction factor, a4 is the wake induction factor, and b4 is the wake bypass velocity coefficient. In
the case of volume-flux-constrained flow, Draper et al. (2014)
showed that the maximum power coefficient is achieved by
tuning the turbines such that
k=

2(1 + B)3
,
(1 − B)2

(4)

and so an optimal value of k = 2 is obtained for the classical
unbounded flow analysis from which the well-known Betz
limit is derived.

Actuator disc models have been widely used in theoretical and numerical studies of tidal stream power. However,
the simple porous disc offers only an idealised description of
turbine performance, and is expected to provide an overestimate of the power that would be available to an actual turbine.
Moreover, the actuator disc model does not account for the
structure of the turbine blades and so cannot be used to compare between different blade designs or different approaches
to turbine tuning (e.g. Hau and von Renouard 2003).

2.3 Blade element momentum rotor
Blade element momentum theory combines linear momentum theory with blade element theory to offer a more
advanced low-order turbine model which can account for
the structure of the blades, and thus provide a more realistic
description of turbine performance (Glauert 1983). A brief
description of the theory will suffice here; the reader is again
directed to Burton et al. (2001) for further detail.
In blade element theory, the n blades rotating at angular
velocity ω are divided along their spanwise length R into Z
blade elements, the swept areas of which take the form of Z
concentric annular rings (Fig. 1a). The lift and drag forces on
each element are calculated from two-dimensional aerofoil
characteristics by specification of the axial induction factor,
a2 , tangential induction factor, a2 , relative velocity, W , blade
pitch angle, β, and attack angle, α (Fig. 1b).
Neglecting spanwise velocities and three-dimensional
flow effects, the axial and tangential velocities for each blade
element are given by (1 − a2 )U and (1 + a2 )ωr , respectively,
in which U is the axial velocity and r is the spanwise distance
from the blade root. The sectional lift force, δL, acting on a
spanwise length, δr , of the blade and in a direction normal
to that of W is then given, following Burton et al. (2001), as
δL =

1
ρW 2 cCL δr ,
2

(5)

in which ρ is the fluid density, c is the chord length of the
blade section (marked by the dashed line in Fig. 1b), and CL
is the lift coefficient. The sectional drag force, δ D, acting
on the spanwise length δr and in the direction of W , is then
given by
δD =

1
ρW 2 cCD δr ,
2

(6)

in which CD is the drag coefficient.
In blade element momentum theory, the forces acting on
each annular ring are related to the change in the momentum
of the fluid passing through the rotor. Spanwise velocities are
neglected, so it is assumed that there is no momentum transfer
between annular elements. The theory also assumes that all
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Fig. 1 Schematic diagrams
showing: a the discretisation of
the turbine rotor into annular
rings, and; b the resolution of lift
and drag forces on each blade
section. Adapted from Burton
et al. (2001) (colour online)

(a)

(b)

fluid particles passing through a given annular element experience the same change in momentum, which neglects the
gaps between the blades (Burton et al. 2001). To account for
this, a simple tip correction method is used: the blade thrust
and torque are multiplied by a dimensionless tip correction
factor, F, given by

 n(1 − (R/r )) 
2
−1
exp
,
F = cos
π
2sinφ

(7)

in which φ = α+β is the incident flow angle formed between
W and the plane of blade rotation. With this function, F is
assigned a value of unity for most of the blade span, where
the gaps between the blades are assumed to be small, but
decreases to zero near the blade tip, where the gaps are much
larger (Eggleston and Stoddard 1987).
Blade element momentum theory also gives expressions
for the sectional axial thrust, δT , and tangential torque, δτ ,
acting on the spanwise length δr . These may be equated to
the changes in axial and angular momentum, respectively, of
the flow passing through a given annular element, following
Burton et al. (2001), to give
1
ρW 2 nc(CL cosφ + CD sinφ)δr
2
= 4πr ρU 2 a2 (1 − a2 )Fδr ,

(8)

1
ρW 2 nc(CL sinφ − CD cosφ)r δr
2
= 4πr 3 ρU (1 − a2 )a2 ωFδr .

(9)

δT =

and
δτ =

Integrating δT and δτ over all blade elements gives the total
axial thrust and hence rotor thrust coefficient, CT , and the
total torque, which is then multiplied by ω to give the rotor
power, and hence power coefficient, CP .

123

2.4 Blockage-corrected blade element momentum
rotor
Blade element momentum theory provides a more advanced
low-order turbine model than does actuator disc theory, but
because wind turbines operate in flows which are effectively
unbounded, the classical blade element momentum theory
does not account for the effects of flow confinement to which
turbine performance is particularly sensitive. Recently, however, Vogel et al. (2018) extended the classical theory for use
with tidal turbines.
To incorporate the effects of blockage, Vogel et al. (2018)
replaced the unbounded flow field with the volume-fluxconstrained flow field of Garrett and Cummins (2007). The
blockage-corrected blade element momentum theory has
been shown to provide good agreement in thrust and power
with blade-resolved simulations of tidal turbine performance.
Again, only a brief description of the theory is required here;
further details are provided by Vogel et al. (2018).
In unbounded flow, it is assumed that the static pressure in
the near-wake of the turbine recovers in the far wake to the
level of the upstream static pressure. For bounded flow, however, the acceleration of the confined bypass flow results in
the development of a streamwise static pressure difference,
which enables the turbine to apply a higher CT and thereby
achieve a higher maximum CP . The blockage-corrected theory accounts for this greater pressure difference by equating
the axial thrust predicted by blade element theory with the
change in fluid momentum predicted by the volume-fluxconstrained linear momentum theory, whilst the analysis of
tangential components remains the same as in the classical
unbounded theory. Closure of the equations is achieved by
equating the total axial thrust with the change in momentum predicted by the volume-flux-constrained actuator disc
theory.
Before performing the calculations, it is necessary to provide solidity and twist profiles for the n blades, as well as the
lift and drag polars of the constituent hydrofoil. The operating
condition is then defined by the blockage, B, axial velocity,
U , and tip speed ratio, TSR, which represents the ratio of the
tangential speed of the blade tip, ω R, to U . Initial estimates
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of the axial and tangential induction factors, a2 and a2 , and
wake induction factor, a4 , are also required.
The calculation sequence begins by computing the flow
angle, φ, attack angle, α, tip correction factor, F, and the
sectional forces and torque on each blade element. As in
the classical theory, δT and δτ are integrated over all blade
elements to obtain CT and CP . The model then solves cubic
and quartic equations, respectively, to obtain a4 and the wake
bypass velocity coefficient, b4 , which are then used to obtain
a2 and a2 . The updated induction factors are fed back into
the calculation sequence, which is solved by iteration until a
relative error of < 10−6 is achieved.
As with actuator disc theory, the key parameters are the
blockage, B, basin efficiency, η, and turbine tuning. In blade
element theory, however, the induction factors are replaced
by variables more closely related to the operation of the rotor:
the tip speed ratio, TSR, which describes the rotational speed
of the turbine blades, and the blade pitch angle, β = βd + βa ,
which comprises the design pitch angle, βd (relevant to both
fixed-pitch and variable-pitch operation), and the adjustable
blade pitch angle, βa (for variable-pitch operation only). TSR
and β may be related through a2 , a4 , and b4 , to the local resistance coefficient, k, to enable direct comparison between the
actuator disc and blade element momentum theories. Though
suitable for this comparison, it is worth noting that k is a
less ideal performance metric for the more advanced turbine
model, because it is a function of not only TSR and β but also
the rotor design, and so a given value of k may be obtained in
many different ways. For a given rotor, k may be increased
by increasing TSR, so as to increase the rotational speed of
the blades, and/or reducing βa , so as to pitch the blades to
‘stall’. Conversely, k may be reduced by decreasing TSR
and/or increasing βa , so as to pitch the blades to ‘feather’.
The blockage-corrected blade element momentum theory offers a more advanced low-order turbine model, but is
known to provide less accurate solutions in off-design operating conditions (that is to say, far from the design TSR and
β) and highly blocked flow. To account for this limitation, B
is kept relatively low and the tuning parameters are restricted
to a realistic range of operating conditions: 3 ≤ TSR ≤ 8.5
and −5◦ ≤ βa ≤ 9◦ , outside of which CT and CP are set to
zero.
2.4.1 Rotor configurations
In this study, two sets of rotors are used to analyse the performance of tidal turbines operating in moderately blocked
(B = 0.16) and highly blocked (B = 0.314) flow conditions.
For each blockage, two rotor configurations are considered:
the variable-speed, fixed-pitch rotor, which, with fewer moving parts, is simpler, less expensive, and more reliable; and
the variable-speed, variable-pitch rotor, which, though more
complex, offers superior performance, particularly in off-
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(a)

(b)

(c)

Fig. 2 Variations in: a lift coefficient, CL ; b drag coefficient, CD ,
and; c lift-to-drag ratio, CL /CD ; with attack angle, α, for the RisøA1-24 hydrofoil and Reynolds number, Re = 12 × 106. Adapted from
Wimshurst and Willden (2016)

design operating conditions. Rotors designed for moderately
and highly blocked flow conditions are obtained from Cao
et al. (2018) and Schluntz and Willden (2015), respectively.
The rotors are designed using the approach proposed by
McIntosh et al. (2011), in which blade element momentum
methods are used to model the rotor, whilst the flow field
is simulated using the three-dimensional, steady Reynoldsaveraged Navier–Stokes (RANS) equations. By testing the
performance of the rotor in a highly resolved numerical flume
and revising its design by iteration, this approach can be
used to optimise the rotor for different inflow conditions and
blockage ratios (Schluntz and Willden 2015).
The rotor blades for both designs are based on the RisøA1-24 hydrofoil, which offers a realistic ratio of maximum
thickness to chord length, and a high lift-to-drag ratio over a
broad range of attack angles, α. Cao et al. (2018) and Schluntz
and Willden (2015) designed the rotors for an axial velocity
of U = 2 m/s and tip speed ratios of T S R = 5.5 and 5,
respectively. Lift and drag polars for the analysis presented in
this paper are obtained from Wimshurst and Willden (2016),
and a large range of α is used to consider off-design operating
conditions (Fig. 2).
It is also possible to design the rotors using only the
blockage-corrected blade element momentum theory of
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Fig. 3 Variations in: a power
coefficient, CP (solid lines),
thrust coefficient, CT (dashed
lines), and; b basin efficiency, η;
with local resistance coefficient,
k, for an actuator disc (black
lines) and fixed-pitch rotor (red
lines) in moderately blocked
(B = 0.16) flow (colour online)

Fig. 4 Variations in: a power
coefficient, CP (solid lines),
thrust coefficient, CT (dashed
lines), and; b basin efficiency, η;
with local resistance coefficient,
k, for an actuator disc (black
lines) and fixed-pitch rotor (red
lines) in highly blocked
(B = 0.314) flow (colour
online)

Journal of Ocean Engineering and Marine Energy (2019) 5:85–98

(a)

(b)

(a)

(b)

Vogel et al. (2018), but the physics of the constrained flow
field is better captured by the three-dimensional, steady
RANS equations than the idealised analytical model. Though
the leading-order trends between the models should be comparable, it is worth noting that because these rotors are
optimised using numerical simulations, the designs may not
be strictly optimal within the analytical model, even at design
operating conditions.
2.4.2 Performance curves and surfaces
The differences between the idealised actuator disc and more
realistic tidal rotor are most clearly shown in Figs. 3 and 4,
which compare the variations in CP , CT , and η with tuning,
k, between variable-speed, fixed-pitch rotors and discs operating in moderately blocked (B = 0.16) and highly blocked
(B = 0.314) flow conditions.
The most notable difference between the two models is
that, although the variations in CP and CT are broadly similar,
the absolute values of CP and CT are much lower for the rotor
than for the disc (Figs. 3a, 4a). This is due to the fact that the
rotor comprises a discrete number of blades which are based
on a constituent hydrofoil and so, unlike the idealised disc,
experience both lift and drag.
Another key difference concerns the variations in η
(Figs. 3b, 4b). For the disc, there is a simple inverse relationship between k and η: as k increases, so too does CT
and thus the amount of power dissipated in local-scale wake
mixing, and so η decreases. Whereas for the rotor, the rela-
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tionship between k and η is more complex: as k (which, for a
given fixed-pitch rotor, is represented solely by the tip speed
ratio, TSR) increases, η initially increases and then decreases
as the rotor emerges from a stalled flow condition (for which
CP and CT estimates are less accurate), attains an initially
large but decreasing CP /CT ratio, and then shuts off as the
maximum permissible value of TSR is achieved. As with CP
and CT , the absolute value of η is also lower for the more
realistic rotor than for the idealised disc.
For variable-speed, variable-pitch rotors, the performance
curves take the form of three-dimensional surfaces, with
blade pitch angle, βa , and tip speed ratio, TSR, on the xand y-axes, respectively, and CP , CT , and η on the z-axes
(Figs. 5, 6). For these rotors, the value of CP is expected to
peak at βa = 0 and TSR = 5.5 (for B = 0.16) or 5 (for
B = 0.314), but marginally higher values may be attained
for different values of TSR for which the local thrust coefficient is no longer constant along the blade span (Schluntz and
Willden 2015). CT is shown to increase with both increasing TSR and decreasing βa (as in pitch-to-stall operation),
in contrast to η, which increases with decreasing TSR and
increasing βa (as in pitch-to-feather operation).
2.4.3 Range of operation
Blade element momentum theory is known to provide a less
accurate description of turbine performance in extreme flow
conditions (e.g. Moriarty and Hansen 2005). In this study,
these less accurate solutions are precluded by restricting the
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Fig. 5 Variations in: a power
coefficient, CP ; b thrust
coefficient, CT , and; c basin
efficiency, η; with tip speed
ratio, TSR, and blade pitch
angle, βa , for a variable-pitch
rotor in moderately blocked
(B = 0.16) flow. Solid lines
(crosses) indicate the range of
operation for fixed (dynamic)
turbine tuning (colour online)

range of allowable tip speed ratios (3 ≤ TSR ≤ 8.5) and
blade pitch angles (−5◦ ≤ βa ≤ 9◦ ). Even within these
ranges, however, there exist certain operating conditions for
which performance results must be treated with caution.
For small TSR and large, negative βa , for instance, results
indicate that significant fractions of the blade surfaces will
be operating with a very large attack angle, α. Under such
an extreme stall condition, the flow will separate from the
surface of the blade to such a degree that power and thrust
predictions obtained from two-dimensional hydrofoil characteristics will be much less representative of actual turbine
performance.
Conversely, for large TSR and large, positive βa , the
flow angle φ becomes sufficiently small that the calculation sequence will break down and results must instead be
obtained by extrapolation. Beyond this point, however, model
results become less meaningful as the rotor attains a negative induction factor and is shut down before entering its
‘propeller’ state.
It is worth noting that the performance maximisation
strategies adopted herein will generally avoid these two
extreme conditions. The solid lines and crosses in Figs. 5
and 6 indicate the maximum ranges of operation for variablepitch rotors with fixed and dynamic tunings, respectively, and
show that, for the range of flow conditions considered here,
at least, maximisation of rotor power does not require the

combinations of small TSR and large, negative βa or large
TSR and large, positive βa .
Under certain conditions, however, the strategy may
require the rotor to operate with large TSR and large, negative
βa . For sufficiently large k, the classical unbounded blade
element momentum model attains a high induction factor
(a2 > 0.5) and begins to produce non-physical flow solutions as the rotor wake becomes turbulent. In this study, such
solutions are avoided by shutting the rotor down when the
majority (60%, say) of the primary power-producing area
of the blade (0.3 ≤ r /R ≤ 0.85) exceeds a certain threshold value of a2 . Given that the wake velocity increases with
blockage for a given level of thrust (Vogel et al. 2018), however, the transition to turbulence is assumed to occur at a
higher induction factor (a2 = 0.6, say) for both blocked flow
conditions considered herein.

2.5 Turbine tuning strategies
Following Vennell (2016), three different turbine tuning
strategies are used to maximise the time-averaged available
power, P. For simplicity, however, this study focuses solely
on maximising P, and so power-capping strategies are not
considered.

123

92

Journal of Ocean Engineering and Marine Energy (2019) 5:85–98

Fig. 6 Variations in: a power
coefficient, CP ; b thrust
coefficient, CT , and; c basin
efficiency, η; with tip speed
ratio, TSR, and blade pitch
angle, βa , for a variable-pitch
rotor in highly blocked
(B = 0.314) flow. Solid lines
(crosses) indicate the range of
operation for fixed (dynamic)
turbine tuning (colour online)

2.5.1 Strategy 1: impatient turbine tuning
For the first strategy, k is adjusted at each time step to ensure
that CP is maximised at each instant throughout the tidal
cycle. Vennell (2016) has shown this ‘impatient’ tuning strategy, which is widely used in the wind energy industry, to be
less beneficial for tidal turbines and so, here, the impatient
strategy is used simply as a baseline for comparison.

2.5.2 Strategy 2: fixed turbine tuning
The second strategy seeks the temporally constant k which
maximises P. This much simpler ‘fixed’ tuning strategy was
first employed by Vennell (2010) and has formed the basis of
a number of tidal stream power resource assessment studies
(e.g. Adcock et al. 2013).

With dynamic turbine tuning, the optimal k typically
varies over the tidal half-cycle as follows. At the beginning
of the half-cycle, when the velocities are low, k is assigned
a value of zero to allow the flow to accelerate uninhibited.
As the velocity increases over time, k is gradually increased
to the maximum permissible value near the end of the halfcycle. By applying a large resistance at this point in time, the
turbines are able to stop the flow sooner so that for the next
half-cycle, the peak flow rate follows the peak forcing more
closely, and experiences a longer period of acceleration as a
result (Vennell and Adcock 2014).
Dynamic turbine tuning is most effective where the effects
of turbine resistance are most significant; that is to say, for the
combination of large B, large N , and small λ0 . It is worth noting, however, that the benefits of dynamic tuning depend on
maximum amount of turbine resistance, which may be much
lower for actual turbines than the idealised representations
considered herein.

2.5.3 Strategy 3: dynamic turbine tuning
The third strategy, which seeks the temporally varying k that
maximises P, was first proposed by Adcock (2012) and further explored by Vennell and Adcock (2014) and Vennell
(2016). This ‘dynamic’ tuning strategy aims to exploit further the dynamic nature of the tide by varying the tuning in
time to maximise the effects of flow acceleration.
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3 Results
In this section, the performance of two different idealised
representations of tidal turbines are analysed and compared:
the uniformly porous disc, as described by the bounded
actuator disc model of Garrett and Cummins (2007), and
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Fig. 7 Variations in: a normalised maximum time-averaged available
power, Pmax , and; b optimal fixed local resistance coefficient, kopt ; with
natural dynamic balance, λ0 , for one (solid lines) and five (dashed lines)

fixed
impatient
Pmax
Pmax

(a)

opt

(b)

rows of actuator discs (black), fixed-pitch rotors (red), and variablepitch rotors (blue), in moderately blocked (B = 0.16) flow (colour
online)
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opt

fixed
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Fig. 8 Variations in: a normalised maximum time-averaged available
power, Pmax , and; b optimal fixed local resistance coefficient, kopt ; with
natural dynamic balance, λ0 , for one (solid lines) and five (dashed lines)

rows of actuator discs (black), fixed-pitch rotors (red), and variablepitch rotors (blue), in highly blocked (B = 0.314) flow (colour online)

the more realistic tidal rotor, as described by the blockagecorrected blade element momentum theory of Vogel et al.
(2018), for which both variable-speed, fixed-pitch (FP) and
variable-speed, variable-pitch (VP) designs are considered.
Two primary tuning strategies are then used to maximise the
time-averaged available power, P, by means of optimal fixed
and dynamic tunings, k, and examine the relative importance
of tuning for each turbine representation.
Though the tuning strategies focus solely on maximising
P, turbine performance is discussed in terms of three key
parameters: the rotor power and thrust coefficients, CP and
CT , and the basin efficiency, η, which represents, to leading
order, the ratio between CP and CT . The relative importance of these parameters is determined by the three variables
which define the ratio of turbine drag to natural drag: the
blockage, B, number of rows, N , and natural dynamic balance, λ0 , for which a broad range of values are assumed:
B = 0.16 and 0.314, N = 1 and 5, and 0 ≤ λ0 ≤ 10.

the actuator disc, FP rotor, and VP rotor with different combinations of B, N , and λ0 (Figs. 7, 8). Power results are
normalised, in this case, by those obtained using the impatient tuning strategy.
The most notable result is that, for all turbine models considered, the importance of tuning increases with increasing
B, increasing N , and decreasing λ0 . This finding is consistent
with existing theoretical work: Vennell (2010) has shown that
when the natural drag (represented here by λ0 ) is relatively
low and the turbine drag (represented here by B and N ) is
relatively high, the effect of tuning on turbine performance is
greater because the throughflow velocity, and hence available
power, is more dependent on the turbine resistance.
Moreover, whilst substantial increases in power are available for large B, large N , and small λ0 , in cases where the
turbine resistance is less significant (that is to say, in most
practical scenarios), the fixed tuning strategy is shown to
provide only slightly more power than the impatient tuning
strategy.
It is also clear that, as compared to the disc, the increase in
maximum available power which may be achieved by adopting a fixed tuning strategy is significantly lower for the rotors
(Figs. 7a, 8a). For B = 0.314, N = 5, and λ0 = 0.01,

3.1 Fixed turbine tuning
The importance of tuning is first examined by comparing
the variations in Pmax and optimal fixed k obtained using
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cycle, T , for λ0 = 0.1; for one (solid lines) and five (dashed lines) rows
of actuator discs (black), fixed-pitch rotors (red), and variable-pitch
rotors (blue), in moderately blocked (B = 0.16) flow (colour online)

opt

Fig. 9 Variations in: a normalised maximum time-averaged available
power, Pmax , with natural dynamic balance, λ0 , and; b (near-) optimal
dynamic local resistance coefficient, kopt , with time, t, over the tidal

Fig. 10 Variations in: a normalised maximum time-averaged available
power, Pmax , with natural dynamic balance, λ0 , and; b (near-) optimal
dynamic local resistance coefficient, kopt , with time, t, over the tidal

cycle, T , for λ0 = 0.1; for one (solid lines) and five (dashed lines) rows
of actuator discs (black), fixed-pitch rotors (red), and variable-pitch
rotors (blue), in highly blocked (B = 0.314) flow (colour online)

for instance, the optimal fixed tuning provides ∼ 10% more
power to the FP rotor than does impatient tuning, as compared
to ∼ 41% more power for the disc. The VP rotor performs
better, providing ∼ 25% more power in this case, but less
significant increases for smaller B, smaller N , and larger λ0 .
To understand why the potential increase in power is lower
for the rotors than the disc, it is useful to consider the variations with λ0 of the corresponding optimal tunings, kopt
(Figs. 7b, 8b). Vennell (2010) explains that as λ0 reduces
and the effects of turbine resistance become more significant, the optimal fixed k for the disc generally decreases as
the power becomes more dependent on the thrust coefficient,
CT , and basin efficiency, η, than the power coefficient, CP .
There is also an exception to this rule: for very small λ0 , the
channel flow rate in this idealised model becomes less sensitive to the turbine resistance, and so the optimal k increases
as the benefits of a higher CP begin to outweigh the costs of
the higher C T and lower η.
For the rotor, however, the optimal fixed k is typically
found to be lower and to undergo less variation with λ0 than
that for the disc. Tuning is shown to be less important for the

more realistic rotor because the effects of turbine resistance
on the throughflow velocity, and hence available power, are
less significant. For large λ0 , the optimal k for the rotor is
lower than for the disc because, for the more realistic turbine
model, CP peaks at a lower value of k (Figs. 3a, 4a). Whereas
for small λ0 , the optimal k undergoes less variation with λ0
because, for the more realistic rotor, the increase in η which
accompanies a reduction in k, and thus CT , is less significant
(Figs. 3b, 4b).
For the FP rotor, which has no other means of controlling
k, the tip speed ratio decreases significantly as the optimal
k reduces, and there is a significant reduction in available
power. For the VP rotor, however, pitching the blades to
feather allows k to be reduced with a much smaller reduction
in TSR and η. The VP rotor thus performs better than the FP
rotor, particularly for small λ0 , but not quite as well as the
actuator disc, for which η is much higher.
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3.2 Dynamic turbine tuning

3.3 Disc and rotor power comparison

The importance of tuning is next examined by comparing the
variations in Pmax and (near-) optimal dynamic k obtained
obtained for the actuator disc, FP rotor, and VP rotor. As
before, different combinations of B, N , and λ0 are considered (Figs. 9, 10), and power results are normalised by those
obtained using impatient tuning.
As compared to impatient tuning, dynamic tuning is
shown to provide considerably more power to the tidal
rotors than does fixed tuning (Figs. 9a, 10a). Whereas, for
B = 0.314, N = 5, and λ0 = 0.01, fixed tuning provides
∼ 10%, ∼ 25%, and ∼ 41% more power to the FP rotor,
VP rotor, and actuator disc than impatient tuning, the corresponding increases for dynamic tuning are ∼ 34%, ∼ 61%,
and ∼ 103%. As with fixed tuning, however, the potential
increases in power are significantly lower for the more realistic rotors than for the idealised disc, and relatively small
for the vast majority of cases in which the turbine resistance
is less significant.
To understand why the potential increase in power is lower
for the rotors than for the disc, it is useful to consider the
variations with time, t, for λ0 = 0.1, of the corresponding
optimal tunings, kopt (Figs. 9b, 10b). Vennell and Adcock
(2014) have shown (see, for instance, their Fig. 2) that in
the optimal dynamic tuning of an actuator disc, the relative
importance of CP , CT , and η varies over the tidal cycle. As
such, the half-cycle may be divided into four main phases:
phase 1, in which CT is set to zero to allow the flow to accelerate uninhibited; phase 2, in which a large η is required,
as in the case of small λ0 ; phase 3, in which a large CP is
required, as in the case of large λ0 , and; phase 4, in which
CT is set to its maximum value to stop the flow sooner and
thus ensure an extended period of flow acceleration for the
next half-cycle (Vennell and Adcock 2014).
Although there is practically no difference in optimal k
between the rotor and disc during phase 1 (because the turbines are not operating), in the latter phases, and particularly
near the end of the half-cycle, the differences become more
apparent as the optimal k for the idealised disc approaches
infinity, whilst that for the more realistic rotor remains limited.
For the VP rotor, the power output is increased by pitching
the blades to feather so as to present a lower resistance during
phase 1, and increasing the TSR and pitching the blades to
stall so as to present a higher resistance during the latter
phases. Thus, although the value of kopt remains limited for
the VP rotor (to kopt ≈ 28 for B = 0.16 and kopt ≈ 45
for B = 0.314), variable-pitch operation allows the rotor to
more closely approximate the optimal k variations observed
for the idealised disc.

Finally, the power produced by the more realistic tidal rotor is
compared directly with the amount produced by the idealised
actuator disc. Figures 11 and 12 show the variations with λ0 in
maximum rotor power, normalised by maximum disc power,
for different combinations of B and N , and for both fixed
and dynamic tunings, k.
The results show that, as expected, the idealised actuator
disc consistently overestimates the amount of power available to the more realistic rotor. Across the range of variables
considered, and for the specific designs chosen, the maximum available power produced by the rotors, averaged over
the tidal cycle, is typically 60–70% of the amount produced
by the disc. The disc is generally found to overestimate the
rotor power by a greater amount when the turbine resistance
is less significant (that is to say, when λ0 is large and B and/or
N are small) and the optimal k is high, and by a lesser amount
when the turbine resistance is more significant (that is to say,
when λ0 is small and B and/or N are large) and the optimal k
is low. As previously noted, the VP rotor is found to provide
better agreement with the actuator disc model than does the
FP model, because variable pitch operation allows the rotor
to more closely approximate the performance of the idealised
disc.
For sufficiently large λ0 , this normalised power will tend
to the ratio of rotor CP to disc CP , the value of which will
decrease with increasing B, regardless of tuning strategy. For
small λ0 and fixed tuning, the degree of agreement depends
more on the ratio of rotor CT to disc CT , as well as the difference in η between the two models. For small λ0 and dynamic
tuning, however, the determination of the key relationship
is more complicated because the relative importance of C P ,
C T , and η also changes throughout the tidal cycle importance
of these variables, which changes throughout the tidal cycle.

4 Discussion and conclusions
In this paper, the works of Vennell (2010, 2016) are extended
to incorporate a more realistic turbine representation, which
is based on the blockage-corrected blade element momentum
theory of Vogel et al. (2018). This more advanced low-order
model is used to re-examine the importance of tuning for
tidal turbines in channels, and to compare the actuator disc,
which has been used extensively in theoretical and numerical
models of tidal stream power, with a more realistic model of
turbine performance.
Naturally, the results of this comparison depend on the
design of the rotor. Two rotor designs were considered in this
study: a moderate blockage design (B = 0.16) by Cao et al.
(2018) and a high blockage design (B = 0.314) by Schluntz
and Willden (2015), with the blades for both designs based
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Fig. 11 Variations in normalised maximum time-averaged available
power, Pmax , with natural dynamic balance, λ0 , for one (solid lines) and
five (dashed lines) rows of fixed-pitch (red) and variable-pitch (blue)
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Fig. 12 Variations in normalised maximum time-averaged available
power, Pmax , with natural dynamic balance, λ0 , for one (solid lines)
and five (dashed lines) rows of fixed-pitch (red) and variable-pitch

(blue) rotors with (near-) optimal dynamic local resistance coefficient,
kopt , in: a moderately blocked (B = 0.16) flow, and; b highly blocked
(B = 0.314) flow (colour online)

on the Risø-A1-24 hydrofoil. The results also depend on a
number of simplifying assumptions, as described in the previous sections. To minimise the influence of the inaccuracies
inherent in the blade element momentum model, the blockage is kept relatively low, tuning parameters are limited to a
realistic range of operating conditions, and the results from
conditions in which the rotor wake becomes turbulent are
excluded. Although the results of the study are necessarily
specific to the rotor design and model assumptions, the overall findings should be relevant to a broad range of turbine
designs and practical scenarios.
For all models considered, the effects of tuning on turbine performance are shown to be less significant when the
additional drag from turbines, which is represented by the
blockage, B, and number of rows, N , is small compared
to the amount of natural drag, which is represented by the
channel’s natural dynamic balance, λ0 . This is due, simply,
to the fact that tuning is less important when the throughflow
velocity, and hence available power, is less dependent on the
turbine resistance. Thus, whilst substantial increases in maximum available power are possible for the combination of
large B, large N , and small λ0 , the benefits of a given tuning

strategy will be much lower for the vast majority of cases in
which the turbine resistance is less significant.
For all strategies considered, tuning is shown to be less
important for the tidal rotor than for the actuator disc. For the
idealised disc, large variations in the local resistance coefficient, k, may be used to produce extreme variations in thrust
coefficient, CT , and thus power coefficient, CP , and basin
efficiency, η. Depending on the flow condition, the disc may
be assigned either a very large k, so as to produce a very large
CP (or simply a very large CT , in the case of dynamic tuning),
or a very small k, so as to produce a very large η. For the more
realistic rotor, however, the corresponding values of CP , CT ,
and η are typically lower, and undergo less variation with k.
As a result, the range of optimal k is smaller and the potential
benefits of a given tuning strategy are less significant.
The results show that, as expected, the idealised actuator
disc consistently overestimates the amount of power available to the more realistic blade element momentum rotor.
Across the range of variables considered, the maximum available power produced by the rotors, averaged over the tidal
cycle, is typically 60–70% of the amount produced by the
disc. The degree of agreement will depend on the specifics
of the rotor design, but the disc is generally found to overes-
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timate the rotor power by a lesser amount when the turbine
resistance is relatively significant (that is to say, when λ0 is
small and B and/or N are large) and by a greater amount
when the turbine resistance is relatively insignificant (that is
to say, in most practical scenarios). The disc is also found to
overestimate the rotor power by a greater amount in the case
of dynamic tuning, which, for the idealised disc, involves
extreme operating conditions that cannot be matched by the
more realistic rotor.
With greater flexibility in its operation, the variable-pitch
rotor is able to more closely approximate the performance of
the idealised disc. The adjustable blade pitch angle enables
the rotor to vary the value of k whilst maintaining a nearoptimal tip speed ratio, which yields benefits in terms of both
power production and extraction efficiency, particularly in
off-design operating conditions and cases where the turbine
resistance is significant. One notable example is in the case
of dynamic tuning, where, for large B, large N , and small
λ0 , the variable-pitch rotor is shown to provide considerably
more power than the fixed-pitch rotor.
The results also provide useful, general insights which
may be used to better inform the design of tidal turbines. If
a fixed tuning strategy is to be adopted, then the available
power can be maximised by designing the rotor to produce
either a high CP if λ0 is large, or a high η if λ0 is small. If
a dynamic tuning strategy is to be adopted, the task of optimal design is complicated by the fact that the rotor must
provide different, and perhaps contradictory, performance
characteristics throughout the tidal cycle. Given that it will be
difficult to achieve the theoretically optimal temporally varying k, even with variable-pitch rotors, the necessary design
compromises will limit the potential benefits of the dynamic
tuning strategy. It must also be noted, however, that in most
practical scenarios, the amount of turbine drag will be sufficiently small such that, for each value of λ0 , the high CP
rotor will likely produce a similar amount of power to the
high η rotor, though the latter design will afford the benefits
of lower structural costs and higher extraction efficiency.
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