
PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3–7 SEPTEMBER 2023, BILBAO 367–1

A study on a tidal rotor under the combined
effects of currents and regular waves using

Actuator-Line CFD simulations
Federico Zilic de Arcos, James McNaughton, Christopher R. Vogel, and Grégory Pinon

Abstract—This paper presents an analysis of a tidal
rotor under the combined effects of a steady current and
surface waves. Five different regular waves were simulated
using a Reynolds-Averaged Navier-Stokes computational
fluids dynamics model with a k-ω SST turbulence closure
model, a Volume of Fluid model of the free surface, and an
actuator line representation of the rotor. The implemented
model shows the hydrodynamic interactions between the
rotor and the surrounding flow boundaries, as well as a
significant impact of the waves on rotor thrust, power, and
wake development. The results show that while there is
a modest impact of the waves on mean thrust and power,
a significant impact on thrust and power fluctuations was
observed, with fluctuations an order of magnitude greater
than the changes in mean quantities. Variations in phase-
averaged blade loads as a function of azimuthal position
were also observed, with fluctuations concentrated near the
free surface but also a function of wave frequency. Waves
were also found to cause changes in wake development
downstream of the rotor, with the formation of large vortex
structures that depended on wave frequency.

Index Terms—Tidal rotor, waves, volume of fluid, CFD,
actuator line

I. INTRODUCTION

T IDAL rotors deployed at sea are likely to be
affected by turbulence, shear, surface waves, and

wave-induced motions in the case of floating devices.
These can induce significant fluctuations in rotor thrust
and power in addition to hydrodynamic blade loads,
as well as impact the design of the rotor [1].

Surface waves have the potential to be the largest
driver of load and power fluctuations on tidal rotors
[2]. Several experimental studies have reported sub-
stantial thrust and power fluctuations due to wave
action: Galloway et al. [3] reported fluctuations in the
median flapwise root bending moment on a blade of up
to 175%; while Draycott et al. [4] reported fluctuations
about the mean between 7% and 65% for integrated
thrust, and 13% to 165% for power. Several other
studies report load and power fluctuations of the same
order of magnitude (see, e.g., Barltrop et al. [5], Faudot
and Dahlhaug [6], Gaurier et al. [7], Guo et al. [8],
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Dufour et al. [9], or Watanabe et al. [10]). Most of
these studies also indicate that time-averaged loads are
largely unaffected by the combination of waves and
homogeneous currents. The magnitude of the effects of
surface waves on tidal rotors, however, is strongly case-
dependent and is influenced by factors such as wave
amplitude, frequency, incidence angle, and the rotor’s
submergence depth, as they alter the flow profile that
the turbine is exposed to [8] [11].

Blockage, understood as the interaction between the
rotor and the surrounding boundaries of the fluid
domain, is also likely to affect rotor loads and power
performance. The simplest form of blockage is the
isotropic interaction between a rotor and the bound-
aries constraining the flow domain [12]. The effects of
this isotropic blockage are normally seen in the form
of an increase in maximum thrust and power on tidal
turbines due to a change in the static pressure distribu-
tion around the rotor which can lead to an associated
increased mass flux through the rotor. This also affects
the relationship between thrust and axial induction
commonly used in Blade-Element Momentum models
[13].

Realistic scenarios, however, include more complex
phenomena such as the non-isotropic interaction of a
rotor and the free-surface [11], as well as the inter-
actions between multiple rotors [14], [15]. Anisotropic
blockage creates bypass zones where the flow is accel-
erated, creating a non-uniform flow field that affects
rotor loads, power, and wake development [16]. Even if
the flow field is steady, the rotation of the blades results
in a “sampling effect” as they pass by flow boundaries
that will result in transient load fluctuations [17].

The effects of waves and non-isotropic interactions
between the rotor and the free surface are presented
in this work. Our paper discusses the case of a tidal
rotor operating in close proximity to the free surface
and a lateral symmetry plane to model dual-rotor
operation, under the effects of a steady homogeneous
current and regular waves. We used an actuator-line
representation of the rotor blades embedded within a
multiphase Reynolds-Averaged Navier-Stokes (RANS)
Computational Fluid Dynamics (CFD) model.

II. METHODS

A. Rotor characteristics and analysed cases

A tidal rotor designed by Cao [18] was used in this
study. This is a 1.2 m diameter tidal rotor designed for
multi-rotor operation. The rotor was designed using an
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FX-84-W-140 hydrofoil modified with a blunt trailing
edge through the application of a uniform thickening
function to the suction and pressure surfaces on the
rear portion of the foil. The hydrofoil has an optimum
angle of attack of approximately 6 degrees. A RANS-
Blade Element (BE) based design method [18] was used
to design the rotor for maximum performance at a tip-
speed ratio � = !R=U1 = 6:2, where ! is the rotational
speed of the rotor, R is the blade tip radius, and U1 is
the undisturbed flow speed in the absence of waves.

The rotor design exploits local blockage and con-
structive interference effects [14] through an increased
rotor solidity and reducing the variation in blade
twist. This results in an increased power production
compared to an unblocked rotor design [19]. Fur-
ther optimisation, using blade-resolved simulations,
allowed for additional performance increases by tuning
the local thrust coefficient along the blades [18]. The
numerical methods and the concept of constructive
interference were examined and validated by Mc-
Naughton et al. in experimental campaigns performed
in a flume [20] and a towing tank [15]. The experiments
demonstrated that turbine power could be increased
through constructive interference by closely spacing
the turbines whilst maintaining the same overall block-
age within the respective test facilities.

The rotor was modelled in the present study oper-
ating at a fixed tip-speed ratio of � = 6:2, relative to
the undisturbed current, set to a speed U1 = 1 m/s,
with a turbulent intensity of 0.6% and a length scale of
0.003 metres defined at the inlet. The rotor was placed
inside the simulated domain at a lateral distance of
D=8 from a symmetry plane, where D is the rotor
diameter. The symmetry plane emulates the multi-rotor
operation described by Cao [18] with an inter-turbine
(tip-to-tip) spacing of D=4 whilst allowing only one
rotor to be simulated. This implies that the turbines are
contra-rotating. The tip clearance was set to D=3 with
respect to the free surface following McNaughton et
al. [20], while the tank depth was set to 5.4 metres.
Two-dimensional hydrofoil polar coefficients for the
Actuator Line (AL) model were reproduced from Cao
[18] to match the inputs used for the design of this
rotor.

Five cases with regular waves were simulated with
a targeted amplitude of 0.1 m and wavelengths
L ∈ {9:76; 6:25; 4:34; 3:70; 3:01} m. These correspond to
nominal wave frequencies, without accounting for the
current-related Doppler shift, of 0.40, 0.50, 0.60, 0.65,
and 0.72 Hz, respectively. The nominal frequencies are
used to label the different cases for analysis, and can be
seen in table I compared to the encounter frequencies
(frequencies relative to the rotor reference frame) and
the corresponding wavelengths.

The complete study consists of 11 simulations: five
cases to study the flow conditions where the tank is
simulated with waves and current but without the ro-
tor; five cases with the rotor operating with waves and
currents; and one case with the rotor operating only
under the effects of a steady current. The simulations
were each performed for 60 seconds, accounting for
nearly 100 blade rotations. The simulated time was set

TABLE I
CORRESPONDENCE BETWEEN NOMINAL WAVE FREQUENCIES,

ENCOUNTER FREQUENCIES RELATIVE TO THE ROTOR, AND
WAVELENGTHS

Nominal frequency Encounter frequency Wavelength
f [Hz] fe [Hz] L [m]

0.40 0.50 9.76
0.50 0.66 6.25
0.60 0.83 4.34
0.65 0.92 3.70
0.72 1.05 3.01

Fig. 1. Three-dimensional visualisation of one of the simulated cases.
The render presents isocontours of Q-criterion, the free surface, and
the velocity field on a vertical plane. The visualisation of the second
rotor is recreated through a reflection of the modelled field.

to obtain full wake development and the convergence
of the cycle-averaged power and thrust coefficients
(approximately 20 seconds) while providing sufficient
data after for the analysis of blade forces and fluctua-
tions across the entire azimuth.

B. CFD model

We used the open-source code OpenFoam v2012
to perform our simulations with an incompressible
RANS-CFD model, an actuator line representation of
the rotor, a Volume of Fluid (VoF) model for the free
surface, and a stabilised k-! SST turbulence closure
model.

The actuator line model works as a virtual repre-
sentation of the turbine wherein the rotor blades are
modelled as a series of collocation points along lines
that move in time where the blades would be placed.
Sectional forces, centred at each collocation point, are
applied to the flow as a momentum source, smeared
out using a Gaussian distribution for the numerical
stability of the scheme. The forces are calculated based
on tabulated lift and drag coefficients. In this study,
we used polar coefficients calculated using a two-
dimensional RANS CFD model, sourced from Cao [18],
and corrected for tip-loss effects using the model of
Wimshurst [21]. To calculate the forces, the local flow
at each collocation point is used to determine the
sectional angle of attack and inflow speed.

The local flow is determined using the line-average
method of Jost et al. [22], a robust flow-sampling
technique for rotor-blade simulations [23], and imple-
mented within the AL model according to Zormpa et
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al. [24]. Compared to the original method of sampling
the flow at the collocation point [25], the line-average
method within the AL model increases model robust-
ness by reducing the sensitivity of thrust and power
to the size of the force smearing Gaussian distribution,
as well as temporal and spatial discretisations of the
domain and numerical scheme. The methodology also
avoids the underestimation of axial induction obtained
when sampling inside the region where the forces
are applied. Meyer Forsting et al. [26] attribute the
underestimation of axial induction, by comparing the
actuator points to a vortex core, to the viscous damping
that limits the induced velocity and the magnitude
of the shed vorticity. In this AL implementation, the
flow sampling occurs outside the force Gaussian, thus
avoiding the underestimation of axial induction [24]
without requiring corrections such as the one proposed
by Meyer Forsting et al. [26].

We used the stabilised k-! SST turbulence closure
model of Larsen and Fuhrman [27]. This modification
of the original k-! SST model [28] introduces an extra
limiter on the production of the specific dissipation
rate, !, to stabilise the over-production of turbulent
kinetic energy in regions of nearly-potential flow [27].
The use of this modified turbulence closure model
reduces the wave damping commonly observed in
RANS models.

The fluid domain was set to 13 metres long, and
was discretised with isotropic hexahedral cells and a
one-level isotropic refinement zone. The background
mesh size was set to 0.04 metres, and 0.02 metres in
the refined zones. The refined region spans two wave
heights above and two wave heights below the mean
free surface, following Windt et al. [29], and a box
covering the surroundings of the rotor (one diameter
upstream, four diameters downstream, and one diam-
eter in each Cartesian direction normal to the rotor
plane). For the rotor, this mesh size corresponds to
60 cells per diameter. For the waves, the discretisation
resolves 10 cells per wave height and a minimum
of 150 cells per wavelength for the shortest analysed
wave. The mesh resolution allows for the numerical
damping of waves to remain low [29] and for the forces
on the rotor not to be affected by the grid size [24] [30].
The resulting domain consists of 11.4 million cells.

The timestep was set to 0.0025 seconds, leading to
a maximum Courant number of approximately 0.40
and ensuring that the tip of the actuator line does not
move more than one cell per timestep, as is typically
recommended for AL methods [24]. We used second-
order discretisation schemes for velocity, gradients and
volume fraction, first-order for turbulence scalars, and
a PISO algorithm for pressure-velocity coupling.

The OpenFoam wave generation and absorption
toolbox waves2Foam was used (Jacobsen et al. [31])
with the Generating-Absorbing Boundary Conditions
(GABC) of Borsboom and Jacobsen [32] to minimise
wave reflections. Waves were generated using the
stream function wave theory described by Fenton [33].
This is a non-linear model of a steady wave that is
defined relative to an undisturbed current. The main
parameters used to define the waves are the wave

height, depth, and wavelength (see table I).
A three-dimensional representation of results pro-

duced with the numerical model can be seen in Fig.
1.

III. RESULTS AND DISCUSSION

A. Interactions between the rotor and domain boundaries
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Fig. 2. Azimuthal distribution of the time-averaged tangential force
on one blade of the rotor operating under a steady current speed
U1 = 1:0 m/s and with no waves. The rotor is centred D=3 from
the free surface at 0�, and D=8 from the central symmetry plane at
90�. The direction of blade rotation is clockwise.

Fig. 2 shows the tangential force as a function of
azimuthal position for one of the rotor blades operating
under a steady current with a speed of U1 = 1:0 m/s.
In this figure, 0� and 90� correspond to the sides next
to the free surface and symmetry plane, respectively.
The results in this figure agree with the observations
presented by McNaughton et al. [15] regarding the
azimuthal asymmetry of the loads, with higher forces
next to the symmetry plane and free surface due to the
constructive interference effects. This occurs due to the
flow confinement next to these boundaries, leading to
flow acceleration on the bypass and higher through-
rotor mean flow speeds, as shown in Fig. 3. The
flow acceleration leads to higher angles of attack and
relative speed, consequently generating larger thrust
and tangential forces as the blade passes next to the
boundaries; this is discussed further below.

The asymmetry in the tangential force is observed
both on the vertical and horizontal planes. The high-
est loads are observed on the quadrant between the
symmetry plane and the free surface. Despite the mod-
elling conditions not being directly comparable, these
observations are consistent with the results presented
by McNaughton et al. [15] for the outboard turbine on
a 4-rotor array.

B. Wave effects on rotor thrust and power performance

Whole-rotor performance is quantified in terms of
the thrust and power coefficients, CT and CP respec-
tively. The coefficients are defined to normalise the
rotor thrust T and power P in terms of the undisturbed




