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ABSTRACT

In this paper, idealised analytical and numerical models are
used to explore the potential for local blockage effects to enhance
the performance of turbines in tidal channels. Arrays of tur-
bines modelled using the volume-flux-constrained actuator disc
and blade element momentum theories are embedded within one-
dimensional analytical and two-dimensional numerical channel
domains. The effects of local blockage on the performance of
arrays comprising one and five rows of actuator discs and tidal
rotors operating in steady and oscillatory channel flow are then
examined. In the case of steady flow, numerical results are found
to agree very well with the two-scale actuator disc theory of
Nishino & Willden [1]. In the case of oscillatory flow, how-
ever, numerical results show that the shorter and more highly
blocked arrays produce considerably more power than predicted
by the one-dimensional two-scale theory. These results support
the findings of Bonar et al. [2], who showed that under certain os-
cillatory flow conditions, the power produced by a partial-width
tidal turbine array can be much greater than predicted by two-
scale theory. The departure from theory is most noticeable in
the case of five turbine rows, where the two-scale theory predicts

that the maximum available power should decrease with increas-
ing local blockage but the numerical model shows the maximum
available power to increase. The effects of local blockage are
found to be less pronounced for the more realistic tidal rotor than
for the highly idealised actuator disc but for both models, the re-
sults show that in oscillatory flow, considerably more power is
available to the shorter and more highly blocked turbine arrays.

INTRODUCTION
The task of maximising the power produced by a tidal tur-

bine array is complicated by the need to optimise the position
and operation of each turbine with respect to those of all other
turbines [e.g. 3]. However, idealised theoretical models can be
used to simplify this complex optimisation problem and provide
valuable insights to inform array design.

Garrett & Cummins [4] used an actuator disc model to show
that for a single turbine (or full-width turbine array) in volume-
flux-constrained flow (meaning flow with a ‘rigid lid’ which
does not deform in response to energy extraction), the maximum
power depends on the global blockage ratio, which is defined as
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FIGURE 1: Schematic representation of the two-scale actuator disc model showing: (a) plan views of the
local- (left) and array-scale (right) flows, and; (b) streamwise cross-sectional view of the partial-width tidal turbine array. Adapted from

Nishino & Willden [1].

the ratio of turbine (or array) swept area to flow cross-sectional
area. Nishino & Willden [1] later extended this actuator disc
model to examine the maximum power that may be produced
by tidal turbine arrays spanning only part of the flow cross-
section. By assuming that array-scale flow events take place over
much greater time and length scales than local-scale flow events,
Nishino & Willden [1] were able to describe the performance of
a partial-width array using a two-scale actuator disc model, com-
prising two loosely coupled actuator disc models used to describe
the local- and array-scale flows (figure 1). Nishino & Willden [1]
then showed that for each global blockage (which is now defined
as the product of a local blockage and an array blockage), there
exists an optimal local blockage (or equally, an optimal array
blockage) which produces a peak power output. This optimal
local blockage can be achieved by optimising the cross-stream
spacing between the turbines within the array.

The two-scale actuator disc theory of Nishino & Willden [1]
can be used to predict the optimal arrangement of, and maxi-
mum power available to, tidal turbines arranged in a single cross-
stream row. However, these predictions will be limited by the
simplifying assumptions underlying the theory, which include
the assumption that the mass flux through the channel is unaf-
fected by the resistance presented by the turbines. In order to
predict the power available to turbines in more realistic flow con-
ditions, the two-scale theory must first be coupled with a model
of channel-scale dynamics. The simplest such model is that due
to Garrett & Cummins [5], which describes the interactions be-
tween the resistance presented by the array and the bulk flow
through the channel. However, a recent paper by Bonar et al. [2]
has shown that under certain oscillatory flow conditions, the opti-

mal turbine arrangement can be quite different, and the potential
for enhanced power capture can be much greater than predicted
by two-scale theory. Using a numerical model of actuator discs
in shallow water, Bonar et al. [2] identified new two-dimensional
dynamics that develop around a partial-width turbine array in
oscillatory channel flow, which are not captured by these one-
dimensional theories. In many cases, Bonar et al. [2] found that
the optimal strategy is to group the turbines close together, so as
to maximise the effects of local blockage and thereby take full
advantage of these new array-scale flow dynamics.

In this paper, we extend the work of Bonar et al. [2] to con-
sider multiple rows of turbines and a more realistic turbine rep-
resentation, which is based on the volume-flux-constrained blade
element momentum theory of Vogel et al. [6]. Actuator disc the-
ory has been used extensively in analytical and numerical mod-
els of tidal stream power, and has been used to calculate upper
bounds on the power available to turbines placed at candidate
sites [e.g. 7], but the uniformly porous disc provides only an
idealised description of turbine performance. By contrast, the
more advanced blade element momentum rotor is able to bet-
ter describe the forces developed by real turbine blades. These
two idealised representations of tidal turbines are then embedded
within two different channel domains: the one-dimensional ana-
lytical channel described by Garrett & Cummins [5], and a two-
dimensional numerical channel, following Bonar et al. [2]. Dif-
ferent turbine arrangements are considered for both steady and
oscillatory flow conditions, and the maximum available power is
compared between the different channel and turbine representa-
tions. These comparisons are then used to provide a better un-
derstanding of the effects of local blockage on the performance

2 Copyright © 2019 by ASME



of turbines in tidal channels, and further assess the potential for
existing theoretical models to capture these effects.

METHODS

Actuator disc model
Actuator disc theory (ADT) provides the simplest model of

an axial flow turbine. The rotor plane is modelled as a uni-
formly porous disc which presents a resistance to the flow pass-
ing through. The classical unbounded actuator disc model has
been extended to volume-flux-constrained flow by Garrett &
Cummins [4], and then further extended by numerous other au-
thors to investigate more realistic flow conditions and optimal
turbine arrangements [e.g. 1; 8–11].

In ADT, turbine performance is defined by three parameters:
the blockage ratio, B; the basin efficiency, η , which represents, to
leading order, the ratio between the power and thrust coefficients;
and the turbine tuning parameter, which is typically expressed in
terms of a wake velocity coefficient (α4 in the terminology of
[8] and r3 in the terminology of [9]). Alternatively, the tuning
parameter can be expressed in terms of a local resistance coeffi-
cient, k, given by

k =
β 2

4 −α2
4

α2
2

=
b2

4 − (1−a4)
2

(1−a2)2 , (1)

where a2 (= 1−α2) and a4 (= 1−α4) are the throughflow and
wake induction factors, and α2, α4, and b4(= β4) are through-
flow, wake, and wake bypass velocity coefficients [6; 8].

Blade element momentum rotor
A more advanced low-order turbine model is provided by

blade element momentum theory (BEMT), which combines one-
dimensional linear momentum theory with blade element the-
ory to describe the forces developed by the turbine blades.
The classical BEMT was derived to analyse the performance of
wind turbines, and so does not account for the blockage effects
which contribute significantly to tidal turbine performance [e.g.
4; 8; 12–14]. However, Vogel et al. [6] have recently extended
the classical unbounded BEMT to volume-flux-constrained flow
for use with tidal turbines. This blockage-corrected theory (BC-
BEMT) accounts for the development of a static pressure differ-
ence in the flow passage, which enables the rotor to achieve a
higher power coefficient. The BC-BEMT tidal rotor model has
also been compared favourably with blade-resolved computa-
tional fluid dynamics simulations performed using different tur-
bine blockage ratios. Further details of the derivation and valida-
tion of the BC-BEMT model are provided by Vogel et al. [6; 15].

As in ADT, the key variables for the BC-BEMT model are
B, η , and the turbine tuning parameter. In BEMT, however, the

wake velocity coefficients are replaced by variables more closely
related to the operation of the rotor: the blade pitch angle, β ,
and tip speed ratio, T SR, which defines the ratio of the tangen-
tial speed of the blade tip (the product of the angular velocity of
the turbine blades, ω , and rotor radius, R) to the incoming flow
velocity, UL. β and T SR may also be related through a2, a4, and
b4 to the resistance coefficient, k. Although BC-BEMT provides
a more accurate description of turbine performance than ADT,
it retains some limitations which restrict its ability to model ex-
treme off-design conditions. For large T SR and large negative
β , for instance, the tidal rotor attains a high throughflow induc-
tion factor and begins to produce non-physical flow solutions as
the flow in the wake of the rotor becomes turbulent [16]. In this
study, such non-physical solutions are precluded by limiting the
local blockage ratio to a value ≤ 0.3125, and the tip speed ratio
to a realistic range of operation: 3 ≤ T SR ≤ 8.5.

Turbine performance comparisons
The performance of actuator discs and tidal rotors are com-

pared across a range of local blockage ratios, BL, where BL is
defined, following Nishino & Willden [1], as the ratio of tur-
bine frontal area, πd2/4, where d is the diameter of each of the
n turbines, to the cross-sectional area of the local flow passage,
h(d + s), where h is the water depth and s is the cross-stream
spacing between the turbines (figure 1). Schluntz et al. [14] have
demonstrated the importance of designing turbines for a specific
blockage ratio, but here a single tidal rotor with d = 20 m is used
for convenience. Following Cao et al. [17], this rotor is designed
for UL = 2 m/s, BL = 0.16, and T SR = 5.5. The blades are based
on the Risø-A1-24 hydrofoil, which has been used to show good
agreement between the BC-BEMT tidal rotor model and blade-
resolved computational fluid dynamics simulations [17; 18].

Simulations are then used to analyse the performance of
this rotor operating under three different local blockage ratios:
BL = 0.1, 0.2, and 0.3. The differences in performance between
the tidal rotor and equivalent actuator disc are shown in figures
2 and 3, which compare the variations in CP, CT , and η with
local resistance coefficient, k, for different values of BL. The
maximum power coefficients, CP,max, and corresponding opti-
mal thrust coefficients, CT,opt , and optimal local resistance co-
efficients, kopt , are compared in table 1. Although the variations
in CP and CT are broadly similar, figure 2 shows that the mag-
nitudes of CP and CT are much lower for the more realistic tidal
rotor, which experiences both lift and drag, than for the highly
idealised actuator disc [16]. Figure 3 shows that the variations
in basin efficiency, η , are also quite different. The efficiency of
the tidal rotor, which incorporates a number of additional energy
losses, including blade tip losses, is much lower than that of the
actuator disc, which is assumed to lose energy only to wake mix-
ing. For the disc, there is a simple inverse relationship between k
and η : as k increases, so does CT and thus the amount of power
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FIGURE 2: Variations in power coefficient, CP (solid lines), and thrust coefficient, CT (dashed lines), with local resistance coefficient, k,
for an actuator disc (black lines) and tidal rotor (red lines) in: (a) effectively unblocked (BL = 0.01); (b) moderately blocked (BL = 0.16),
and; (c) highly blocked (BL = 0.3) flow. (Colour online.)
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FIGURE 3: Variations in basin efficiency, η , with local resistance coefficient, k, for an actuator disc (black lines) and tidal rotor (red
lines) in: (a) effectively unblocked (BL = 0.01); (b) moderately blocked (BL = 0.16), and; (c) highly blocked (BL = 0.3) flow. (Colour
online.)

dissipated in local-scale wake mixing, so η decreases. For the
rotor, however, the relationship is not quite so simple: as k in-
creases, η initially increases and then decreases as the rotor first
emerges from a region of stalled flow and then cuts out as the
maximum allowable T SR is achieved [16].

1D analytical channel model
Garrett & Cummins [5] proposed an idealised theoretical

model to describe the extraction of energy from a simple tidal
channel. In this one-dimensional theory, the tidal forcing is as-
sumed to be unaffected by changes in the channel flow rate,
and the turbine array, which is modelled as a simple opposing
force, is assumed to completely span the channel width. Ven-
nell [9] later combined this simple model with the volume-flux-
constrained actuator disc theory to analyse the performance of
turbine arrays spanning tidal channels.

Vennell’s [9] work can be extended to consider partial-width
tidal turbine arrays by replacing the volume-flux-constrained
actuator disc model of Garrett & Cummins [4] with the two-

scale model of Nishino & Willden [1]. Using two-scale the-
ory, the global blockage ratio can be defined as BG = BABL (=
nπd2/4hw), where w is the channel width and BA is the array
blockage, which represents the ratio between the cross-sectional
area of the array, hn(d + s), and the cross-sectional area of the
channel, hw (figure 1). Willden et al. [19] were the first to com-
bine the two-scale actuator disc theory of Nishino & Willden [1]
with the simple channel theory of Garrett & Cummins [5] [see
also 20]. Bonar et al. [2], however, were the first to show that
these coupled one-dimensional models may, under certain oscil-
latory flow conditions, neglect leading-order physics.

2D numerical channel model
Following Bonar et al. [2], this study also employs a two-

dimensional numerical channel model. This model solves the
depth-averaged shallow water equations using a discontinuous
Galerkin method [21; 22]. Following Draper et al. [23], the tur-
bines are embedded within the shallow water model at sub-grid
scale, and the extraction of energy is represented as a discontin-
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BL Turbine CP,max CT,opt kopt

0.1 Rotor 0.5 1.0 2.8

0.1 Disc 0.7 1.2 3.3

0.2 Rotor 0.6 1.2 3.4

0.2 Disc 0.9 1.7 5.5

0.3 Rotor 0.7 1.4 3.7

0.3 Disc 1.2 2.4 9.2

TABLE 1: Maximum power coefficient, CP,max,
and corresponding optimal thrust coefficient, CT,opt , and local
resistance coefficient, kopt , for tidal rotors and actuator discs

operating with local blockages of BL = 0.1, 0.2, and 0.3.

uous reduction in fluid depth. Local-scale mixing is simulated
analytically, whilst array-scale mixing is simulated numerically
by means of a spatially and temporally constant eddy viscosity
coefficient. Though simplistic, this ‘line sink’ modelling ap-
proach has been found to agree with laboratory experiments of
tidal energy extraction [24], and has been widely used in numer-
ical studies of tidal stream power extraction focused on both ide-
alised domains [e.g. 2] and real locations [e.g. 7]. The numerical
code used in this study is a modified version of the DG-ADCIRC
code used by Adcock et al. [7] and other authors, which has
been adapted to allow the turbine properties to be specified using
power and thrust curves. Further details of this modified code are
provided by Schnabl et al. [25].

The numerical channel domain is 30 km long, 10 km wide,
and 30 m deep. The domain is divided into 2,038 triangular el-
ements which vary in size from 200 m around the turbine ar-
ray to 1 km at the channel boundaries, and a time step of 1 s
is specified. Results obtained using the present grid are found
to agree to within 1% with those obtained using twice and half
as many numerical elements, which indicates that the computa-
tional grid has converged. Estimates of undisturbed channel flow
rate and power produced by the full-width turbine array are then
found to agree to within 1% with predictions from the respec-
tive analytical models [5; 9]. The channel walls are assigned slip
boundary conditions, and a realistic bed roughness coefficient is
selected: Cd = 0.002 [26]. Steady flow is driven by assigning
a constant flow rate of 1 m/s at the model inlet. This boundary
condition is not entirely representative of real tidal currents but
is used to facilitate comparison with the two-scale actuator disc
theory, which assumes that the mass flux through the channel is
unaffected by turbine resistance [1]. Oscillatory flow is driven by
varying the water level at the model inlet sinusoidally, with am-
plitude 0.2 m and period, T = 12.42 h. In each case, the model is

allowed to ‘spin up’ for 2 days, during which time the flow sta-
bilises. The simulations are then allowed to continue for a further
8 days before the results from the last two complete tidal cycles
are extracted and time-averaged for analysis.

RESULTS & DISCUSSION
Analytical and numerical methods are now used to explore

the potential for local blockage effects to enhance the perfor-
mance of turbine arrays comprising one and five rows of actu-
ator discs and tidal rotors in steady and oscillatory channel flow.
A constant global blockage of BG = 0.1 is specified, and simu-
lations are performed using eight different combinations of ar-
ray width, BA, and local blockage, BL. Beginning with a full-
width turbine array (BL = 0.1,BA = 1), BL is then increased (and
BA reduced so that BG = BABL remains constant) to a value of
0.3125 (which corresponds to an array blockage of BA = 0.32).
The value of the local resistance coefficient, k, is held constant in
time and then varied to obtain the maximum time-averaged avail-
able power, Pav(max). Time-varying turbine tunings [e.g. 27] will
be considered in future work. Array performance is measured
in terms of Pav(max) for oscillatory flow, and for steady flow in
terms of the optimal global power coefficient, CPG(opt), which is
defined as the ratio of maximum available power to channel-scale
kinetic energy flux.

Steady flow
Figures 4 and 6 show the variations in CPG(opt) and kopt with

BL for one and five rows of actuator discs and tidal rotors. Figure
5 normalises the variations in CPG(opt) by the values obtained for
full-width arrays (BL = 0.1) in order to isolate the effects of lo-
cal blockage on array performance. The figures show very good
agreement between the analytical and numerical models, for both
actuator discs and tidal rotors and for both one and five rows of
turbines. Small differences are apparent for both small and large
BL, which are most likely due to the different assumptions under-
lying the two channel models, but, as noted by Perez-Campos &
Nishino [28] and Bonar et al. [2], the two-scale theory is found
to predict quite well the results of the numerical model.

It is also clear that although the highly idealised actuator
disc tends to overestimate the performance of the more realis-
tic tidal rotor, both turbine models respond similarly to increas-
ing BL. For both discs and rotors, CPG(opt) is shown to increase
with BL for N = 1 and decrease with BL for N = 5. This find-
ing shows that, as is consistent with existing work [10; 29], the
effects of increasing local blockage vary with the number of tur-
bine rows. To understand the different variations in CPG(opt) with
BL, it is useful to consider the corresponding variations in opti-
mal local resistance coefficient, kopt (figure 6). For N = 1, kopt
increases with increasing BL as the greater confinement of flow
enables higher optimal thrusts, but for N = 5, kopt decreases with
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FIGURE 4: Numerically (solid lines connecting dots) and analytically (dashed lines) predicted variations in optimal global power
coefficient, CPG(opt), with local blockage, BL, for: (a) one row, and; (b) five rows of actuator discs (black) and tidal rotors (red) in steady
flow. (Colour online).
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FIGURE 5: Numerically (solid lines connecting dots) and analytically (dashed lines) predicted variations in the potential for optimal
global power coefficient, CPG(opt), enhancement with local blockage, BL, for: (a) one row, and; (b) five rows of actuator discs (black)
and tidal rotors (red) in steady flow. (Colour online.)
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FIGURE 6: Variations in numerically (solid lines) predicted op-
timal local resistance coefficient, kopt , for one row (circles) and
five rows (crosses) of actuator discs (black) and tidal rotors (red)
in steady flow. Dashed lines show the corresponding variations
for the individual turbines. (Colour online.)

increasing BL as a means by which to compensate for the much
higher resistance presented by the array.

Figure 4 also shows that for both N = 1 and 5, the perfor-
mance of the tidal rotors is less sensitive to the effects of local
blockage than the actuator discs. This too may be explained by
considering the corresponding variations in kopt (figure 6). For
both N = 1 and 5, the value of kopt is shown to be lower and un-
dergo less variation with BL for the rotor than for the disc [16].
This is because, for the rotor, the peak CP coincides with lower
values of k and CT (table 1), which limits its performance as the
optimal array thrust increases. For an isolated turbine, for in-
stance, increasing BL from 0.1 to 0.3 results in a ∼70% increase
in CPG(opt) for the disc but only a ∼40% increase for the rotor
(table 1). Conversely, when the optimal array thrust reduces, the
corresponding reduction in kopt is lower for the rotor because
it presents a lower resistance and thus requires a smaller tuning
correction. For N = 5, for instance, increasing BL from 0.1 to 0.3
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results in an ∼18% decrease in kopt for the disc but only a ∼5%
decrease for the rotor (figure 6). Moreover, below a certain value
of k, η begins to reduce for the rotor but not the disc (figure 2),
which limits the performance of the rotor as kopt decreases. For a
given change in BL, then, kopt is shown to vary less for the more
realistic rotor than for the highly idealised disc.

Figure 6 shows that the difference in kopt between the ro-
tor and disc increases with increasing BL, as the potential for
the highly idealised disc to produce relatively more power in-
creases and the more realistic rotor experiences relatively greater
energy losses. Figure 6 also shows (as dashed lines) the vari-
ations in kopt which produce the maximum power coefficient
for each turbine in isolation. As expected, these curves do not
match the variations which produce CPG(opt) (which is the global
power coefficient corresponding to Pav(max), rather than the max-
imum global power coefficient) for the partial-width turbine ar-
rays (BL > 0.1). This is because tuning the turbines to produce
the maximum power coefficient (rather than the maximum avail-
able power) would mean a significantly higher combined thrust,
more flow being diverted around the array, and less power being
produced as a result [e.g. 9].

For N = 1, the actuator disc overestimates the performance
of the tidal rotor by a greater amount when BL is large, and by
a lesser amount when BL is small, whilst the opposite is true for
N = 5 (figures 4 and 5). Again, this may be explained by con-
sidering the corresponding variations in kopt . For N = 1, kopt in-
creases with increasing BL because, for a single row of turbines,
CPG(opt) (and hence Pav(max)) may be increased by increasing the
array thrust. For N = 5, however, kopt decreases with increasing
BL because, for five rows of turbines, the applied thrust is suf-
ficiently large that CPG(opt) can only be increased by applying a
lower array thrust. The above finding is explained, then, by the
realisation that when kopt is small, the more realistic rotor is able
to match more closely the performance of the highly idealised
disc (figures 2 and 3).

Oscillatory flow
Figures 7 and 9 show the variations in Pav(max) with BL for

one and five rows of actuator discs and tidal rotors operating in
oscillatory flow. Figure 8 normalises the variations in Pav(max) by
the values obtained for full-width arrays (BL = 0.1). As com-
pared to the results from the steady flow simulations, it is clear
that the two-scale theory is no longer able to predict well the
results of the numerical model. Figure 8 shows that in oscilla-
tory flow, the partial-width turbine arrays (BL > 0.1) are shown
to yield considerably more power than the equivalent full-width
arrays (BL = 0.1). Moreover, the trends suggest that turbine ar-
rangements with higher BL than those considered here can pro-
duce even more power. These findings are consistent with the
work of Bonar et al. [2], who provide a detailed description of
the two-dimensional array-scale dynamics underlying this signif-

icant increase in power production. The departure from theory is
most noticeable for N = 5 (figure 8b), where the two-scale the-
ory predicts that Pav(max) should decrease with increasing local
blockage but the numerical model shows Pav(max) to increase.

In the case of steady flow, Nishino & Willden [1] showed
that the partial-width turbine array divides the channel-scale flow
into array-scale core and bypass flows. In the case of oscilla-
tory flow, Bonar et al. [2] found that these array-scale flows os-
cillate side-by-side but with their peak velocities separated by
a phase difference. Using a two-dimensional numerical model,
Bonar et al. [2] then showed that this phase difference results
in the cross-stream diversion of array-scale bypass flow through
the array each time the flow changes direction, and that under
certain oscillatory flow conditions, this ‘reversal boost’ mech-
anism can enhance considerably the power available to short
and highly blocked turbine arrays. Naturally, however, this two-
dimensional phenomenon cannot be captured using the existing
one-dimensional theories, which explains the large differences in
power observed for large BL.

Whereas in steady flow, the thrust from the turbines should
be carefully calibrated so as to slow but not choke the flow
through the array, in oscillatory flow, it may be more beneficial to
apply a larger thrust so as to maximise the effects of this new two-
dimensional dynamic [2]. Figures 7 and 8 show that the potential
benefits of this turbine arrangement and tuning strategy apply not
only to a single row of turbines but also to five rows, and not only
to actuator discs but also to tidal rotors. Comparing between the
two different turbine models, it is clear that the discs again over-
estimate the performance of the rotors, but that the performance
of the more realistic array can also be enhanced considerably by
arranging and tuning the turbines to maximise the effect of this
‘reversal boost’. Increasing BL from 0.1 to 0.3125, for instance,
provides ∼10% more power for the rotor (as compared to ∼20%
more for the disc) when N = 5, and almost ∼35% more power
for the rotor (as compared to almost ∼60% more for the disc)
when N = 1.

Figure 9 shows that the considerable increases in power at
large BL are obtained by tuning the discs and rotors to apply
much higher values of kopt for N = 1, but slightly lower values
of kopt for N = 5 so as to compensate for the much higher resis-
tance presented by the array. In steady flow, where the effects of
array-scale diversion are detrimental to power production, figure
6 shows that the turbine tunings which maximise the power avail-
able to the array (solid lines) are quite different to those which
maximise the power coefficient of the individual turbine (dashed
lines). In oscillatory flow, however, figure 9 shows that these two
different sets of optimal tunings align more closely, because the
power available to the array is typically enhanced by tuning the
turbines to present a higher resistance to the incoming flow so as
to maximise the effect of the ‘reversal boost’ [2]. As in the case
of steady flow, kopt is generally found to be lower and undergo
less variations with BL for the more realistic rotor than the highly
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FIGURE 7: Numerically (solid lines connecting dots) and analytically (dashed lines) predicted variations in maximum available power,
Pav(max), with local blockage, BL, for: (a) one row, and; (b) five rows of actuator discs (black) and tidal rotors (red) in oscillatory flow.
(Colour online).
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FIGURE 8: Numerically (solid lines connecting dots) and analytically (dashed lines) predicted variations in the potential for maximum
available power, Pav(max), enhancement with local blockage, BL, for: (a) one row, and; (b) five rows of actuator discs (black) and tidal
rotors (red) in oscillatory flow. (Colour online.)

0.1 0.15 0.2 0.25 0.3

2.00

4.00

6.00

8.00

10.00

BL

k o
pt

FIGURE 9: Variations in numerically (solid lines) predicted op-
timal local resistance coefficient, kopt , for one row (circles) and
five rows (crosses) of actuator discs (black) and tidal rotors (red)
in oscillatory flow. Dashed lines show the corresponding varia-
tions for the individual turbines. (Colour online.)

idealised disc. Unlike for steady flow, however, the actuator disc
is found to overestimate the performance of the tidal rotor by a
greater amount when BL is large, for both N = 1 and 5. This is
because the highly idealised disc is able to apply considerably
more thrust and produce, by means of this ‘reversal boost’, con-
siderably more power.

CONCLUSIONS
In this paper, one-dimensional analytical and two-

dimensional numerical models are used to explore the poten-
tial for local blockage effects to enhance the performance of
turbines in tidal channels. Turbines are represented using the
highly idealised actuator disc theory and the more realistic blade
element momentum theory. The two-scale actuator disc theory
of Nishino & Willden [1] is extended to incorporate tidal rotors,
multiple rows of turbines, and following Willden et al. [19], cou-
pled with an idealised theoretical model of channel-scale dynam-
ics. In the case of steady flow, the two-scale theory is shown to
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predict very well the results of the two-dimensional numerical
model. In the case of oscillatory flow, however, numerical results
show that the shorter and more highly blocked arrays produce
considerably more power than predicted by the one-dimensional
two-scale theory. These results support the findings of Bonar
et al. [2], who showed that under certain oscillatory flow condi-
tions, the power produced by a partial-width tidal turbine array
can be much greater than predicted by two-scale theory. In oscil-
latory flow, the maximum available power is shown to increase
with increasing local blockage, a finding which is consistent with
the work of Bonar et al. [2]. Interestingly, this result is also found
using a large number of turbine rows and a more advanced low-
order turbine model. The effects of local blockage are shown to
be less pronounced for the more realistic tidal rotor than for the
highly idealised actuator disc, and in the case of a large number
of turbine rows. In all oscillatory flow cases considered, how-
ever, the results show that considerably more power is available
to the shorter and more highly blocked turbine arrays.

This study aims to provide new insights into the effects of
local blockage on the performance of turbines in tidal channels,
and further assess the potential for existing theoretical models to
capture these effects. It is hoped that the present results will as-
sist marine energy developers in selecting suitable models with
which to determine optimal arrangements for tidal turbines and
calculate the maximum available power. Further insights into the
effects of local blockage on array performance may be achieved
by considering different steady and oscillatory flow regimes, us-
ing, for instance, different values of channel bed roughness coef-
ficient and tidal forcing amplitude. Array performance may also
be improved by considering different rotor designs, or adopting
time-varying turbine tuning [e.g. 27] or variable-pitch rotor con-
trol strategies [e.g. 16].
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Serhadlıoğlu, S. The available power from tidal stream turbines in
the Pentland Firth. Proc. R. Soc. A, 469(2157):20130072, 2013.

[8] Houlsby, G.T., Draper, S., & Oldfield, M.L.G. Application of lin-
ear momentum actuator disc theory to open channel flow. Tech.
Rep. OUEL 2296/08, Department of Engineering Science, Uni-
versity of Oxford, 2008.

[9] Vennell, R. Tuning turbines in a tidal channel. J. Fluid Mech.,
663:253–267, 2010.

[10] Draper, S. and Nishino, T. Centred and staggered arrangements of
tidal turbines. J. Fluid Mech., 739:72–93, 2014.

[11] Draper, S., Nishino, T., Adcock, T.A.A., & Taylor, P.H. Perfor-
mance of an ideal turbine in an inviscid shear flow. J. Fluid Mech.,
796:86–112, 2016.

[12] Whelan, J.I., Graham, J.M.R., & Peiró, J. A free-surface and
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