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Modelling the effects of boundary proximity
on a tidal stream turbine using the actuator

line method
Huw A. Edwards, Xiaosheng Chen, Christopher R. Vogel, and Richard H. J. Willden

Abstract—It is well recognized that a tidal turbine’s
power generating potential can be improved by utilising
flow constriction effects generated by proximity to a fluid
boundary or other turbines in a co-planar fence. Previous
experimental studies have identified load fluctuations as-
sociated with blades passing near flow boundaries, while
numerical studies have analysed the flow characteristics
and rotor performance of co-planar turbine arrays us-
ing azimuthally-averaged rotor modelling techniques. This
study aims to bridge this gap by employing a discrete
blade representation of the rotor, through an actuator line
model embedded in a Reynolds-Averaged Navier-Stokes
solver, to study the effects of varying proximity to a
non-deformable upper boundary. The simulations used an
immersed boundary method for the nacelle representation
and a Wimshurst-type tip-loss model. These models are
validated by comparison against both experimental data,
and other simulation results using a nacelle resolved mesh
and the Shen-type tip correction model. It is found that
decreasing the tip clearance from 1.188 to 0.063 rotor
diameters, increases the maximum power coefficient by
∼1%, but introduces a once-per-revolution loading cycle in
root bending moments of ∼3% relative to mid-depth mean
values. Azimuthal variations in the rotor plane streamwise
and whirl velocities are found to impact the sampled angle
of attack and relative velocity magnitude, which ultimately
results in azimuthally varying blade loads. The root bend-
ing moments in the flapwise direction are found to be
dominated by variations in relative velocity magnitude,
whereas the loads in the edgewise direction show much
greater dependence on angle of attack variation.

Index Terms—Boundary proximity, tidal turbine hydro-
dynamics, actuator line method, CFD

I. INTRODUCTION

T IDAL stream energy shows promise, particularly
in the UK, in providing a predictable contribu-

tion to national base load requirements, and in de-
carbonising the energy sources of remote communi-
ties [1]. However, to expand deployment and realise
this potential, reductions in the levelised cost of en-
ergy are required to compete against other renewable
energy sources [2]. Cost reductions may come from
improved performance to increase the efficiency of
energy production, reduction in maintenance costs, or
reduction in capital costs through less conservative
design. Greater energy extraction can be achieved by
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utilising constructive hydrodynamic phenomena be-
tween neighbouring turbines and with fluid domain
boundaries, or by operating at the top of the water
column where flow speeds are highest [3]. Further,
operation and maintenance costs can be reduced by
locating turbines close to the surface, for example by
supporting turbines from floating platforms, allowing
easier access compared to seabed mounted devices.
However, operating in the vicinity of another turbine
or a fluid boundary introduces additional azimuthal
variations to the flow environment leading to unsteady
blade loads which can increase the fatigue damage
rate necessitating more robust blade design [4]. Before
utilising constructive interference effects, the perfor-
mance changes and unsteady loads must be quantified
to inform a cost benefit analysis.

For a turbine in unconstrained flow, the maximum
power coefficient (CP ) is limited to 16/27 of the undis-
turbed kinetic energy flux through the rotor area [5].
This maximum, often referred to as the Betz limit,
occurs when the rotor presents the optimum resis-
tance to the incoming flow, imparting enough force
to maximise power without overly choking the flow
through the rotor. However, in the context of tidal
stream energy, the flow is often constrained by the
seabed and the free surface changing the balance of
optimal rotor resistance. Thus, the limit for maximum
power extraction is modified to the form first presented
by Garrett and Cummins, CP = (16/27)(1−B)−2 [6].
The factor B, known as the blockage ratio, represents
the fraction of the channel cross-section occupied by
the rotor swept area, and allows rotors operating in
confined conditions to theoretically exceed the Betz
limit. A typical assumption is that the turbine is centred
in the domain such that the blockage is isotropic,
although some studies have investigated the effects of
channel aspect ratio [7], [8].

Subsequent theoretical work by Nishino and Willden
extended this model to demonstrate that constructive
interference effects between closely spaced turbines in
a co-planar fence can allow efficiency increases above
the Betz limit, even in an infinitely wide channel where
the overall blockage ratio is negligible [9]. This phe-
nomenon has been observed by several studies both
experimentally, and numerically using actuator disk
and blade element momentum methods [4], [10]–[12].
However, there have been limited investigations of the
azimuthal load variations caused by local flow passage
anisotropy; see for example [4]. Further, the nature of
experimental investigations limits the availability of
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detailed flow field data.
In this study, a single tidal rotor is simulated using

the actuator line (AL) model embedded in a Reynolds-
Averaged Navier-Stokes (RANS) solver with varying
degrees of flow passage anisotropy imposed by prox-
imity to a non-deformable upper boundary. The inves-
tigation is carried out in the context of the Supergen
ORE Unsteady Tidal Turbine Benchmarking Project us-
ing a 1.6 m rotor in a computational domain equivalent
to the towing tank dimensions at the QinetiQ Haslar
facility in which the turbine was tested experimentally
[13]. The discrete blade representation and unsteady
nature of the AL method allows investigation of the
spanwise load distributions and local flow parameters
at different positions around the azimuth – data which
are not available from steady state methods such as
blade element momentum theory or actuator disk the-
ory used in previous numerical studies.

The objective of this study is to analyse these az-
imuthally and spanwise varying data outputs along-
side flow field data in order to enhance understanding
of the physics responsible for changes in rotor per-
formance and unsteady blade loading that occur due
to boundary proximity. The first section describes the
methodology employed to extract this data including
details of the turbine geometry and computational
domain, the actuator line method, and an iterative pro-
cedure used to find the optimal operating point with-
out excessive computational cost. The model setup is
validated against experimental data before discussing
results in terms of the average rotor performance, the
azimuthal variations of root bending moments, and the
rotor plane flow phenomena driving these unsteady
loads. The relevance of this work is discussed in rela-
tion to rotor design and analysis, and the importance of
resolving discrete blades when investigating unsteady
blade loads.

II. METHODOLOGY

A. Turbine geometry
The study analyses the three-bladed 1.6 m diameter

(D) rotor developed for the Supergen ORE Unsteady
Tidal Turbine Benchmarking Project [13]. The rotor was
designed using the RANS embedded Blade Element
method in a cylindrical domain of equivalent blockage
to the experimental tow tank facility. The design tip-
speed-ratio λ = Rω/U∞ = 6, where R is the rotor
radius, ω is the angular velocity, and U∞ is the inflow
velocity. For further detail see Tucker Harvey et al. [14].

B. Actuator Line model
The turbine rotor is modelled using an in-house AL

code which represents the blades virtually as a discrete
set of collocation points that are distributed along the
span of each blade. At the beginning of each time step
the rotor is advanced around the azimuth by an angle
δθ = ωδt where δt is the time step and θ is the az-
imuth angle. The flow field is then sampled at each of
the collocation points and, using previously specified
hydrofoil lift and drag coefficient data, the resulting
blade forces determined at that instant along the span

Fig. 1. The computational domain viewed from upstream of the
rotor plane, i.e. the flow direction (positive x) is into the page. Key
dimensions and coordinate systems are shown. w and h have lengths
7.625D and 3.375D respectively. s is varied between 1.188D and
0.063D. The turbine rotates clockwise in the positive θ direction and
its circumference is represented as a dashed line.

of each blade. These forces are then imposed on the
flow field and the flow momentum equations advanced
in time. The solution proceeds to the next time step
and so an unsteady discrete blade represented flow
simulation is developed. Key parameters are the sam-
pling radius (rs) which defines the distance from each
collocation point to flow field sampling locations, and
the smearing radius (rsm) which defines the region
in which the computed blade forces are imposed on
the flow field. The actuator line model neglects the
effects of spanwise flow velocities and pressure gra-
dients, and implicitly assumes local two-dimensional
hydrofoil behaviour through the use of tabulated foil
data. Additionally, spanwise loading corrections can be
applied to correct for the effects of three-dimensional
flow behaviour across the blade span, and results from
two such corrections are presented in Section III-A.

In this study the collocation points are arranged
in a cosine distribution from root to tip such that
they provide greater density near the blade extremi-
ties. Eight flow field sampling points surround each
collocation point, evenly distributed on a surface of
constant radius from the rotor centre. The sampling
points are placed on that surface at a radius rs = 1.1rsm
from the collocation point to avoid sampling in the
disturbed region in which the force is imposed. During
each iteration the flow velocity relative to the blade
is determined from the simulated flow field at each
collocation point by taking the linear average of the
velocity at each sampling point and summing with the
local blade tangential velocity. The radial component of
sampled velocity is neglected. Evenly distributing the
sampling points around collocation points allows the
influence of the hydrofoil circulation to be eliminated
in the averaging process, so that the undisturbed flow
approach velocity can be determined.

The sectional blade forces at each collocation point
are determined by interpolation of the input hydro-
dynamic data tables based on the velocity magnitude
and angle of attack derived from the sampled relative
velocity. The blade force is imposed on the flow using
a Gaussian smearing function to apportion the force
amongst the surrounding cells within a radius rsm
defined to be 0.99c where c is the local chord length.
This approach is used to avoid generating a numerical
singularity in the flow field.
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Fig. 2. Instantaneous streamwise flow velocity around the azimuth at r/R = 0.94. The rotor is viewed from upstream such that the blades
rotate clockwise. The time step is decreasing from a) to c). The radial axis represents the streamwise flow velocity (Ux) normalised by the
free stream flow velocity (U∞).

C. Nacelle representation
The nacelle used in the experimental testing is 2.285

m in length with rounded nose cone and a cylindrical
cross section of radius 0.100 m which tapers to a radius
of 0.124 m just downstream of the tower. In this numer-
ical study only the upstream 0.9 m length of the nacelle
was modelled to minimise meshing complexity, and
the downstream section was found to have minimal
impact on rotor loads. The tower was not included
as this would incur unnecessary computational cost
while also introducing variable parasitic drag across
the range of turbine depths to be studied. The nacelle
has been modelled using both a nacelle resolving (NR)
technique and an in-house version of the immersed
boundary (IB) method presented by Apsley et al. devel-
oped for similar actuator line model computations [15].
The IB method has been shown to be less computation-
ally demanding than the NR technique, while allowing
very simple, quick to generate, background meshes to
be used. The methods are compared in Section III-A
and the IB method adopted for the boundary proximity
investigation presented in this paper.

D. CFD solver
The AL code described in Section II-B was executed

in OpenFOAM-v2006 using the PIMPLE algorithm to
solve the RANS equations. During each solver iter-
ation, the flow field data from the previous itera-
tion informs the actuator line model to determine the
sectional blade force which is imposed as a source
term in the discretised RANS equations. The k-ω shear
stress transport turbulence closure model was chosen
due to its strengths in aerodynamic applications and
popularity in wind and tidal turbine studies.

E. Computational setup
The computational domain replicates the cross-

sectional geometry of the towing tank used to gather
the experimental data for the benchmarking exercise
[14] to ensure an equivalent blockage ratio of B = 0.03.
The tank has dimensions of 12.2 m (7.625D) in the
cross-stream direction (y), 5.4 m (3.375D) in the vertical
direction (z), and is truncated to 48 m in the streamwise
(x) direction. In the numerical model the turbine is

located at a distance of 10D from the inlet and 20D from
the outlet. The origin of the coordinate system remains
at the rotor centre throughout the study. The rotor’s
position with respect to the boundary is represented
by s/D where s is the tip clearance to the nearest
boundary.

This study is motivated by the hypothesis that flow
constriction effects established by proximity to a chan-
nel boundary may increase the performance of a tidal
rotor. It is anticipated that a nearby boundary would
provide additional flow constraint to the nearby region
of the rotor, and work in a similar fashion to construc-
tive interference effects seen between turbines in a co-
planar fence. Therefore, free surface deformations are
not considered, and the surface boundary is modelled
as a non-deformable symmetry plane. Treating the
boundary in this way means that the simulation also
represents two counter-rotating turbines operating at
an inter-turbine spacing 2s. All surfaces of the outer
domain parallel to the streamwise direction are mod-
elled to have no viscous effects using the slip boundary
condition. The inlet boundary is defined to have a
fixed uniform velocity with a zero streamwise pressure
gradient, while the outlet boundary has fixed uniform
pressure and zero-gradient condition on velocity.

The mesh is generated using OpenFOAM’s native
mesh generator and is of octree type. The octree mesh
contains only hexahedral elements and is structured
by nature. Mesh refinement is achieved by dividing
each cell dimension in half for each refinement level.
The finest region is located at the rotor plane so as
to accurately capture the rotor loads. Refinement is
also allocated in the region downstream of the turbine
so as to capture the region in which fluid shear and
wake expansion effects are predicted to be significant.
Cells are cuboidal with an edge length of 0.25D in
the background mesh, refined down to 0.0078D in the
finest region such that 128 cells span the rotor diameter
at the rotor plane.

The mesh was converged spatially and temporally
by evaluating the integrated rotor loads and the span-
wise distribution of angle of attack. In actuator line
simulations, the limiting factor constraining the maxi-
mum time step is often not the Courant number, but
rather the maximum number of cells travelled by a
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Fig. 3. Power and thrust coefficients, CP and CT , variation with tip-speed ratio, λ, simulated using different tip correction and nacelle
representation methods against experimental data at 3% turbulence. IB denotes the immersed boundary method while NR denotes nacelle
resolving. Cases labelled WM used the Wimshurst and Willden tip correction [16], while those labelled SM used the Shen et al. model [17].

collocation point during a time step (N ). Fig. 2 shows
the instantaneous normalised streamwise flow velocity
sampled from the flow field at r/R = 0.94 on the rotor
plane. The sampling was made close to the tip where
the blade tangential velocity, and hence N , is greatest.
Only the time step is varied across the cases a) → c)
leaving the mesh topology unchanged. At N = 2.8 the
streamwise velocity in the wake of the blade shows
rapid fluctuations which indicate a numerical time
history of where the blade has been represented in the
flow field. In case a) the time step is insufficiently small
to deliver a continuous loading to the flow field, and
the flow field in the vicinity of the blade experiences in-
termittent forcing of stroboscopic nature. The resultant
discontinuous flow field causes errors in flow sampling
such that the angle of attack on the outboard section of
the blade is not correctly measured. As N is reduced
the blade is more consistently represented as it moves
from step to step through the mesh and so a smoother
and more accurate azimuthal variation in flow speed
is sampled; cases b) and c). In this study, it was found
that N < 2 is sufficient to capture the angle of attack
towards the tip, and to achieve a smooth continuous
flow field in the wake of the simulated blade.

Each simulation is advanced in time across multiple
rotations until the cycle-to-cycle time-averaged power
residual remains decreasing and less than 0.01%.

III. RESULTS

A. Model validation
Confidence in the model setup was gained by com-

paring simulated data against the experimental re-
sults of the Supergen ORE Unsteady Tidal Turbine
Benchmarking Project. Two spanwise loading correc-
tion methods were considered: the correction factor
proposed by Shen et al. [17] and the later recalibration
by Wimshurst and Willden [16]. A comparison is also
made between simulations representing the nacelle
using the in-house IB method and a NR mesh.

The methodologies are compared in terms of the
power (CP ) and the thrust (CT ) coefficients which are

given by (1), where P is the rotor power, T is the rotor
thrust, A is the rotor swept area, and ρ is the fluid
density.

CP =
P

1
2ρU

3
∞A

; CT =
T

1
2ρU

2
∞A

(1)

Fig. 3 presents the simulated CP and CT across a sweep
of tip-speed ratios compared against the experimental
data. Results are shown for a rotor plane turbulence
intensity of 3%, which corresponds to the elevated tur-
bulence cases presented in [14] but noted as the Grid
cases for short.

The two spanwise loading correction methods show
close agreement in CT when used with the NR mesh,
both lying within 1% mean error of the experimen-
tal results. CT decreases slightly when moving from
a NR mesh to the IB method resulting in a mean
under-prediction of 2.7%. This is attributed to the
nacelle boundary layer representation as discussed be-
low. Overall, the methodologies simulated show good
agreement in thrust with experimental results.

Greater variation is observed in the CP predictions.
Similarly to CT , simulations using the NR mesh gen-
erally predict a higher CP than those using the IB
method. When the Wimshurst and Willden spanwise
load correction [16] was employed, the predicted CP

showed good agreement with experimental data with
mean errors of 0.7% and 5% when using the NR mesh
and IB method respectively. However, applying the
Shen et al. load correction resulted in a 13% mean over-
prediction of CP .

The Shen et al. correction accounts for load reduction
towards the blade tips by multiplying the blade forces
by a function which tends to zero at the tip [17].
The correction factor is applied isotropically such that
the axial force component is corrected at the same
rate as the tangential force component. Wimshurst and
Willden found the load reduction mechanism to be
more significant in the tangential direction than the
axial direction, and so recalibrated the correction factor
separately in the two directions to penalise tangential
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Fig. 4. Variation of CP with λ for varying s/D.

loading at a greater rate than axial loading [16]. The
difference in treatment of the tangential force is what
separates the two models in their CP predictions, with
the anisotropic model peforming better.

In analysing the flow field around a nacelle in iso-
lation (no rotor) under the same flow conditions as
used in this study, it has been seen that the in-house IB
method generated a significantly larger nacelle bound-
ary layer than NR meshes of equivalent resolution. The
decelerated flow near the nacelle reduces the stream-
wise velocity near the blade root leading to a decrease
in local forces and consequently the thrust and power.

Based on the above observations, the Wimshurst and
Willden loading correction was chosen. On balance,
the IB method was chosen for this study to avoid the
higher computational requirements of NR meshes.

B. Rotor performance
This section investigates the rotor’s power and thrust

performance derived from the time averaged, inte-
grated blade loads. Simulations were carried out at 4
hub depths to range s/D between 1.188 (mid-depth)
and 0.063. Following [18] an iterative process was used
to determine the optimal operating point. At each rotor
hub depth, three simulations are run at different tip-
speed ratios, λ = 5.53, 5.78, 6.06, around the optimal
value found in the experimental study. A quadratic
curve is then fitted to the three time-averaged CP -λ
data points which is then used to predict the maximum
power coefficient (C∗

P ) and its corresponding λ. A new
simulation is performed at this λ, and a quadratic
curve fitted to the three highest CP data points of the

TABLE I
ROTOR PERFORMANCE, CP , CT AND η, AT THE OPTIMAL

OPERATING POINT (TIP-SPEED RATIO). SIMULATED C∗
P , C∗

T ARE
NORMALISED BY THEIR VALUE AT s/D = 1.188 (MID-DEPTH).

s/D λ∗ C∗
P /C∗

Pmid
C∗

T /C∗
Tmid

η∗

0.063 5.9414 1.0083 1.0082 0.5575
0.222 5.9358 1.0073 1.0072 0.5576
0.712 5.9132 1.0030 1.0027 0.5577
1.188 5.9019 1.0000 1.0000 0.5575
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Fig. 5. Variation of C∗
P (black) and λ∗ (red) with s/D.

enlarged data set. This process is repeated until the
new simulation C∗

P differs from the curve predicted
value by less than 0.01%, at which point λ is adopted
as λ∗. The iterative method was found to converge
quickly. The results are summarised in Table I in terms
of the maximum performance C∗

P , the thrust coeffi-
cient at which this occurs C∗

T and the rotor efficiency
η = CP /CT at the maximum performance point η∗.

Fig. 4 shows the variation of CP with λ across the
range of tip clearances tested. The figure shows the
three initial data points as well as the data point at
the optimal operating condition determined by the
iterative process. The dotted lines represent quadratic
fits between the three highest CP data points. In the
range studied, decreasing the tip clearance by 1.125D
increases C∗

P by up to 0.84% over the mid-depth case.
It is also found that optimal operation occurs at an

increased λ as the rotor approaches the non-deforming
surface boundary as shown in Fig. 5 which highlights
that C∗

P and λ∗ vary inversely with s/D. As s/D
increases, the gradients of both curves decrease, so it
can be inferred that the effect of boundary proximity
on C∗

P and λ∗ becomes ever less important as the rotor
moves away from the boundary.

Decreasing s/D increases the constriction of the
bypass flow adjacent to the boundary. As discussed
by Vogel and Willden [12], constraining the bypass
flow causes it to accelerate, reducing its static pressure.
The static pressure is assumed to equalise between the
bypass and the core flows at a position downstream of
the rotor. Therefore, accelerating the bypass flow can
result in a greater static pressure drop across the rotor,
and thus a higher turbine thrust can be achieved.

Fig. 6 shows that CT is increased at every simulated
λ as s/D is decreased. The additional performance
increase by a shift in optimal operating point described
by [12] is also observed in the results of Fig. 6. Increas-
ing the turbine’s rotation speed increases the thrust
applied to the flow. As a result, the flow rate through
the rotor is reduced forcing a greater flow through
the bypass. If the bypass is constrained, this results
in a further increase in the static pressure drop across
the turbine. Increasing the rotor plane pressure drop
increases the blade forces resulting in greater blade
loads. This leads to higher torque, and hence higher
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Fig. 6. Variation of CT with λ for each s/D. C∗
T is the thrust

coefficient at which the maximum power coefficient C∗
P occurs.

power production for a given rotational speed [12].
As summarised in Table I, decreasing s/D consistently
increases both C∗

P and the corresponding thrust coef-
ficient C∗

T , which is achieved by λ∗ moving to greater
turbine rotational speeds.

Fig. 7 depicts the variation in turbine (basin) ef-
ficiency η, the ratio of the energy extracted by the
turbine to the total energy removed from the flow,
which can be used to measure the efficiency of resource
utilisation. The total energy removed from the flow is
the sum of the useful energy extracted by the turbine,
and the energy lost through remixing of the core and
bypass streams downstream of the turbine. Therefore,
in order to maximise the basin efficiency the mixing
losses must be reduced. This can be achieved by reduc-
ing the velocity differential between core and bypass
flows by maximising the velocity of the core flow.

In all cases the maximum basin efficiency occurs at
the lowest λ and decreases steadily as λ is increased.
Due to the finite nature of the tidal resource, it may
not always be practical to operate at C∗

P if this results
in significant detriment to η.

Fig. 7 shows that for any given basin efficiency,
the power coefficient, CP improves with decreasing
s/D. It is believed that the increasing flow constriction
caused by boundary proximity drives a greater flow
rate through the core of the turbine. Thus, boundary
proximity effects can be utilised to extract more useful
power output for a given basin efficiency. As shown
in Table I, the basin efficiency at the optimal oper-
ating point (η∗) remains almost unaffected while C∗

P

increases with decreasing s/D.

C. Unsteady loading
Throughout sections III-C and III-D, polar plots

show the azimuthal distribution as viewed from up-
stream of the rotor plane such that blade rotation
occurs clockwise (in the positive θ direction). Sectional
blade force data can be used to derive the edgewise and
flapwise root bending moments (RBMs) as a function
of time, and hence space. The edgewise RBM is equiv-
alent to torque in the θ direction, so can be interpreted
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Fig. 7. Impact of boundary proximity on the variation of η with CP .
Dashed lines represent a cubic fit of the data at a given s/D.

as a blade’s contribution to the rotor power as it
moves around the azimuth. Increasing λ increased the
mean flapwise RBM, but decreased the mean edgewise
RBM for the range of operating points studied. At
all operating points (tip-speed ratios), decreasing s/D
increased both the edgewise and the flapwise loads.

Fig. 8 shows the variation of the normalised flap-
wise and edgewise RBMs with azimuthal position at
λ = 6.06. For both cases, the RBMs are normalised
against the azimuthal mean value at s/D = 1.188. At
mid-depth the rotor loads have negligible fluctuation
around the azimuth. As the rotor is brought nearer
to the boundary and s/D is decreased, the interaction
of each blade with the boundary becomes increasingly
prominent. As seen in Fig. 8, the RBMs are greater in
the upper half of the rotation where the blade is in
closer proximity to the boundary. The magnitude of the
peak normalised RBMs increases as s/D is decreased,
with a maximum increase over the mid-depth mean of
2.64% and 1.76% in the edgewise and flapwise direc-
tions respectively. The azimuthal variations of RBMs at
s/D = 0.712 have less defined peaks than at shallower
submersion depths s/D = 0.222, 0.063. Rather, the
RBM is generally larger than at mid-depth in the region
of 270°→180° for the edgewise case, and 205°→45° for
the flapwise case. The cases of s/D = 0.222, 0.063 are
the focus of the following discussion.

The peaks in edgewise and flapwise RBM are neither
in phase with each other, nor in phase with the point of
closest boundary proximity at top dead centre (θ = 0°)
which will be used as the reference point from which
to define lead and lag angles. The flapwise RBM peaks
occur in the region of θ = 330° while the edgewise RBM
peaks occur around θ = 10° such that the edgewise
peak lags both the point of closest surface proximity
and the flapwise peak.

For the cases of s/D = 0.222, 0.063 at λ =
5.53, 5.78, 6.06 the phase of edgewise and flapwise
RBMs are not correlated to λ or s/D with all edge-
wise phase angles lagging by between 5° and 9°, and
flapwise phase angles leading by between 27° and 37°.
However, at the optimal operating point λ∗, the degree
of phase lag in edgewise RBM is higher, and increases
from 18° to 25° as s/D is reduced from 0.222 to 0.063.
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Fig. 8. The azimuthal variation of phase averaged root bending moments in the edgewise and flapwise directions for an individual blade
operating at λ = 6.06. The root bending moments in each direction are plotted on the radial axis and are normalised by the azimuthally
averaged value at s/D = 1.188 (mid-depth).

Fig. 9. An illustration of key velocity components and force vectors.

Conversely, the degree of phase lead in flapwise loads
at λ∗ is lower and decreases from 16° to 10° over the
same change in s/D.

In addition, there are regions in which a blade
experiences load alleviation relative to the mid-depth
reference case. In the edgewise direction this occurs at
θ between 205° and 290°, and in the flapwise direc-
tion between 15° and 135°. The load alleviations are
most prominent at s/D = 0.063 where the edgewise
and flapwise RBMs reach minima which are 0.25%
and 0.59% less than the mid-depth mean respectively.
Interestingly, the peaks and troughs in RBMs are not
separated by a 180° phase delay for either direction.

The important conclusion for turbine designers and
operators is that although boundary proximity effects
can increase the yield, a once-per-revolution loading
cycle is introduced which has amplitudes up to ∼3%
in the edgewise direction, and ∼2.5% in the flapwise
direction when normalised by azimuthal mean load.
These loading fluctuations increase as the tip clearance
to the surface is decreased, and will contribute to

increased fatigue damage.

D. Rotor plane flow physics
This section examines the phase averaged angle of

attack (α) and relative velocity magnitude (|V |) to
investigate the previously observed load variations and
the positions at which they occur. As depicted in Fig.
9, α is given by the relative inflow angle (ϕ) minus the
local blade twist (β). In a fixed pitch turbine, such as
the one used in this study, at each given radial location
β is fixed so that ϕ, and hence α, may vary around the
azimuth due to contributions from the local streamwise
velocity at the rotor plane (Ux), and the local whirl
velocity (Uθ).

Fig. 10 shows the azimuthal variation in α across
the λ range for each s/D at 81% blade span. At this
radius the blade is not subject to significant losses in
blade loads from tip effects, but still results in high
relative flow speeds, hence large blade forces applied
with a significant lever arm, so that this location con-
tributes significantly to the generation of root bending
moments.

For all s/D at λ = 5.50, 5.78 the angle of attack
always exceeds the design angle of attack (α∗ = 6◦).
Conversely, the angle of attack is consistently less than
α∗ for all s/D at λ = 6.06. It was found that λ∗ for
each s/D is the operating point at which the azimuthal
mean angle of attack at r/R = 0.81 (ᾱ0.81) is brought
closest to α∗. Across the range of s/D at λ∗, the maxi-
mum deviation in ᾱ0.81 from α∗ was just 0.026° which
indicates that the mean angle of attack at ∼80% span
is a driving factor in achieving the maximum power
coefficient. However, decreasing s/D increases ᾱ0.81 at
each specific λ which, in the cases of λ = 5.50, 5.78,
moves ᾱ0.81 further from α∗. Despite this, increases
in CP are still observed as s/D is decreased, so the
closeness of ᾱ0.81 to α∗ cannot be considered as the
only factor affecting CP .

The increase in λ∗ and C∗
T as s/D is decreased is

consistent with the concept that the boundary con-
straint drives greater mass flux through the rotor, thus
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Fig. 10. The azimuthal variation of phase averaged angle of attack of the flow to the blade at r/R = 0.81 across the range of λ and s/D.
Angle of attack is shown on the radial axis which has units of °.

enabling a higher thrust to be sustained for peak
power. Increasing the rotational speed to deliver higher
thrust increases the blade’s tangential velocity, pushing
the angle of attack back towards its optimum value.

As seen in Fig. 10, the characteristics of the azimuthal
variation in α at r/R = 0.81 shows little change across
the range of λ with standard deviations in peak phase
and amplitude of 1.9° and 0.01° respectively. Therefore,
the following discussion focuses on λ = 6.06.

At r/R = 0.81, decreasing s/D increases α such
that it is greater than at s/D = 1.188 in the region
θ = 330◦ → 180◦. At s/D = 0.222, α has an amplitude
of 0.14° with maxima and minima occurring at θ = 27◦

and θ = 273◦ respectively. Moving to s/D = 0.063 in-
creases the amplitude to 0.24° and brings the maximum
closer to top dead centre, occurring θ = 21◦, with the
minimum at θ = 289◦.

Fig. 11 shows the azimuthal distibution of the rela-
tive velocity magnitude of the flow to the blade across
the range of λ. At mid-depth, the mean amplitude of
the velocity fluctuation at r/R = 0.81 is just 0.0026 m/s,
which is a relative variation of 0.061%, and it is not dis-
cussed further. In general, |V | is higher on the upstroke
between θ = 180◦ → 360◦. For λ = 5.50, 5.78, 6.06 the
phase of maximum |V | is independent of λ. As s/D
is decreased the phase of peak |V | shifts closer to top
dead centre and occurs at 302°, 311° and 321° as s/D is
progressively decreased from 0.712 → 0.063. However,
at λ∗ this peak moves to a greater θ in the cases of
s/D = 0.222 and 0.063 so that the phase becomes 329°
and 337° respectively.

In the quadrant θ = 0◦ → 90◦ the relative velocity
magnitude actually decreases such that it is less than at
mid-depth. The phase of minimum |V | is also indepen-
dent of λ for the three initial operating points and oc-
curs at 54°, 48° and 40° for s/D = 0.712, 0.222 and 0.063
respectively. For the case of λ∗, the phase of minimum
|V | occurs at 63° and 57° for s/D = 0.222 and 0.063
respectively. Therefore, the minima in |V | show the
same trend as the maxima for λ = 5.50, 5.78, 6.06 in that
increasing surface proximity moves the extremes closer
to top dead centre. The degree to which |V | increases in
the upper left quadrant, and |V | decreases in the upper
right quadrant becomes increasingly prominent as the
turbine is brought closer to the surface. In the range
s/D = 0.712 → 0.063, the mean relative amplitude of
fluctuations in |V | increases from 0.27% to 2.04%.

Fig. 12 shows the time mean streamwise and whirl
velocity at r/R = 0.81 extracted from the flow field.
The flow velocities at the rotor plane are approximated
by averaging the data taken from two slices upstream
and downstream of the rotor plane at a distance equal
to the actuator line sampling radius at r/R = 0.81. The
whirl velocity is defined to be positive in the direction
opposite to blade rotation, such that anticlockwise
whirl velocity is positive in Fig. 12.

Observing the rotor plane flow field, and sampling
circumferentially at radius r/R = 0.81 shows that the
streamwise velocity through the rotor plane is gener-
ally higher on the upper half of the rotation where
boundary proximity is greatest. This effect becomes
more prominent as s/D is decreased with peak Ux at
s/D = 0.063 being 1.01% greater than the peak at mid-
depth. There is a bias to the downstroke side such that
Ux is generally greater from θ = 0◦ → 180◦ than from
θ = 180◦ → 360◦. On the other hand, the whirl velocity
is greater between θ = 180◦ → 360◦ than between
θ = 0◦ → 180◦, but with maxima and minima at 316°
and 44° respectively. Again, the effect is most notable
at s/D = 0.063 where the maximum and minimum Uθ

are ∼129% either side of the mid-depth mean.
From the sampled flow field data, Uθ and Ux, shown

in Fig. 12, it is possible to reproduce the distributions in
angle of attack and relative velocity magnitude seen in
figures 10 and 11 respectively, and we now concentrate
on analysis of Uθ and Ux to understand azimuthal
variations in root bending moments.

In the upper right quadrant the reduction in whirl
velocity is more significant than the increase in stream-
wise velocity such that the overall relative velocity
magnitude |V | decreases, whilst both changes act to
increase α. In the upper left quadrant both whirl
and streamwise velocities increase over the mid-depth
case as the turbine is brought closer to the boundary,
resulting in a decrease in α and an increase in |V |.

The sectional lift and drag forces (l and d) are
related to |V |, and the lift and drag coefficients (Cl

and Cd) through (2), where c is the local chord length.

l =
1

2
ρ|V |2cCl ; d =

1

2
ρ|V |2cCd (2)

Thus, the sectional load (f ) scales with |V |2, but |V |
has no impact on the ratio l/d. At r/R = 0.81, the
mean sectional force in the axial direction exceeds
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Fig. 11. The azimuthal variation of phase averaged relative velocity magnitude as sampled by the actuator line code at r/R = 0.81 of an
individual blade across the range of λ and s/D. Relative velocity is shown on the radial axis which has units of m/s.

the tangential force by a factor of ∼9.5 such that the
resultant sectional force vector is at an angle ψ ≈ 6°
to the axial direction (see Fig. 9). The force in the
flapwise direction is given by f cos(ψ) while the force
in the edgewise direction is given by f sin(ψ). Hence,
observing the gradients of the sine and cosine function
at small angles, the edgewise force is more sensitive to
changes in ψ than the flapwise force on the outboard
section of the blade.

Given that the lift and drag forces are defined to
be normal and parallel to the relative flow direction
respectively, α influences ψ both in a rotation of the lift
and drag coordinate system and in the ratio of Cl/Cd.
As the deviations in angle of attack around the azimuth
were small, the variations in Cl/Cd made a negligible
contribution to the overall fluctuations in ψ such that
the azimuthal distribution of ψ was approximately that
seen in α with an amplitude of 0.253° when operating
at λ = 6.06 with s/D = 0.063.

Taking the case of s/D = 0.063 at λ = 6.06 as
an example, and neglecting changes in the sectional
force magnitude, the fluctuations in the angle of the
total sectional force vector would result in a 3.81%
loading amplitude in the edgewise direction, and just a
0.05% amplitude in the flapwise direction. This equates
to 161.9% of the measured RBM amplitude in the
edgewise direction, but just 1.7% in the flapwise di-
rection. Hence, the flapwise RBM is dominated by the
relative velocity magnitude through its influence on the
force magnitude and is insensitive to α, whereas the
edgewise RBM is influenced by the relative velocity
magnitude but is also highly dependant on variations
in α caused by non-uniform whirl velocity. Qualita-
tively, this explains why the flapwise RBMs in Fig. 8
follow the velocity magnitude distribution in Fig. 11
whereas the edgewise RBMs more closely resemble the
variations in α shown in Fig. 10.

IV. DISCUSSION

It is found from the model validation that all
the tested models agree reasonably well in their
thrust coefficient predictions. However, the anisotropic
Wimshurst-type tip-loss correction performed better
in predicting the power coefficient compared to the
isotropic Shen-type tip-loss correction. Also, it is found
that the current version of immersed boundary method

resulted in a slightly lower power coefficient compared
to the nacelle resolving method. This is believed to
be the result of the thicker nacelle boundary layer
generated by this immersed boundary implementation.

The rigid lid model is not entirely representative of
a tidal turbine in subcritical open channel flow as it
assumes a negligible Froude number. Prospective tidal
energy sites typically have a Froude number between
0.1 and 0.2, so a drop in the free surface height is
expected as energy is extracted by the turbines [19].
However, the use of surface deformation modelling
techniques such as the volume of fluid method would
incur computational costs and complexity beyond the
practical constraints of this study. Furthermore, the
deformation of the free surface will further increase
the flow constraint in the bypass, so that even greater
load fluctuations and thrust and power increases are
likely to occur under a deformable surface [19], [20].

Additionally, the boundary proximity strongly af-
fected the mean angle of attack, and the mean angle of
attack at 81% span was consistently less than the target
angle of attack at the intended operating point. The
optimal operating points were found at the rotation
speeds which brought the mean angle of attack closest
to the design angle of attack for each tip clearance.
This highlights the importance of the flow environment
and the modelling technique in the design process,
and suggests that improved designs may be realised
through methods using discrete blade representations.

V. CONCLUSIONS

A 1.6 m diameter experimental tidal rotor has been
simulated using the RANS-AL method with an im-
mersed boundary nacelle representation model and
a Wimshurst-type tip-loss correction. The simulation
technique is validated against other available models
as well as the experimental results. Based on the cur-
rent numerical method, a study is carried out investi-
gating the effects of varying degrees of flow passage
anisotropy imposed by proximity to a non-deformable
upper boundary. The study finds that:

• Decreasing the normalised tip clearance s/D from
1.188 to 0.063 increases the maximum power coef-
ficient by ∼1%. As s/D is decreased the optimal
operating point moves to a higher tip-speed ratio
as the flow constraint enables a greater thrust to
be imposed with reduced impact on mass flux.
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Fig. 12. The azimuthal variation of a) whirl and b) streamwise velocity components sampled at r/R = 0.81 from the time mean flow field at
λ = 6.06 across the range of s/D. Whirl velocity is defined to be positive in the anticlockwise direction while turbine rotation is clockwise.
Velocities are plotted on the radial axis which has units of m/s.

• Anisotropy in the local flow passage introduced a
once-per-revolution loading cycle which increased
with boundary proximity up to an amplitude of
∼3% in the edgewise direction, and ∼2.5% in the
flapwise direction. At mid-depth the root bending
moments were uniform around the azimuth.

• The peak in edgewise RBM lagged top dead cen-
tre, favouring the downstroke. The peak flapwise
RBM occurred on the upstroke showing a phase
lead to top dead centre.

• The flapwise RBM follows the azimuthal distribu-
tion of relative velocity magnitude, whereas the
edgewise RBM closely resembles the azimuthal
distribution of angle of attack.

• The presence of a nearby boundary increased the
streamwise velocity through the adjacent half of
the rotor plane. The whirl velocity was increased
on the upstroke, but was decreased on the down-
stroke. These observations became more promi-
nent as the tip clearance was decreased.
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