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Abstract

Introduction

According to the Renewables Advisory Board 2008,
the United Kingdom aims to reach 15% of its energy
use from renewable energy sources by 2020; the
current percentage is less than 2%. Such a national
challenge has necessitated an energy production
development makeover. Since the late 1980’s,
sustainable development has established itself as a
more eco-friendly, economical alternative and in its
wake numerous renewable energy solutions have
emerged. Among this broad range of promising devices
lie Tidal Current Turbines (TCTs) and in the case of the
United Kingdom, 2% of the 2020 objective, namely 18
Twh/y ± 30 % [1], could be potentially provided by
tidal currents running along its coastlines (based on
BERR analysis using modelling estimates by Redpoint
et al (2008), NERA (2008) and internal DfT analysis).
One of the ways to harvest this renewable and
predictable energy is to deploy current turbine farms in
channel constrictions where the currents are mainly
driven by tidal processes. However to ensure the
sustainable character of such coastal planning projects,
the balance between power extraction maximization
and impact minimization must be found. Device layout
optimization must take into account the possibility of
ecological implications.
Both resource and impact assessments go hand in
hand. It has been demonstrated in numerous articles
([2], [3], [4], [5], [6], [7]) that assessing methods of
tidal energy harvesting solely based on natural-flow
considerations, without integrating any backcorrections due to TCT hydrodynamic influences,
misrepresent the real potential of exploitable sites. The
potential for energy extraction can be increased by

In order to ensure the sustainable character of
any tidal energy extraction project, the assessment
of its potential hydrodynamic impact is required.
Sustainable implementation of Tidal Current
Turbine (TCT) arrays would provide optimum
power extraction with minimum impacts on the
environment. The goal of the project is to create a
numerical decision-making tool for use in planning
such TCT projects. A numerical approach is
suggested to perform such work. The tool is built
around an existing regional modelling framework
which is being modified to enable the user to
account for the effects of TCTs. This article presents
experimental measurement comparisons showing
that, in such a framework where farm layout
optimization is significantly driven by TCT
interactions, the hydrodynamic induced effects of a
single TCT cannot be accounted for solely on
considerations of momentum. Consequently,
additional effort has been made to parameterize the
turbulence effects induced by such devices.
Experimental measurement comparisons highlight
improvements in the accuracy of simulations using a
turbulence correction parameterization.
Keywords: Actuator disc, calibration, numerical modelling,
tidal current turbine, turbulence closure model.
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taking into account and using turbine induced impacts
([3], [8], [9]). For instance, interactions with the free
surface can change the nature of the flow [10] and, by
extension, the head drop of a channel. In consequence
the potential resource itself becomes a function of the
induced free surface perturbation as the pressure head
drop ought to be a parameter in resource estimation [3].
Conversely, surface waves generated by tides, swells or
winds may affect turbine yield [11] and structure [12].
This latter consideration shall be compensated by
optimizing the vertical location of turbine hubs in the
water column ([11], [13]). Deployment optimization
also includes wake interactions with turbines [14].
Indeed, wake shapes, extensions and decays are subject
to internal and surface waves ([15], [3]), flow
alignment [10] and turbulence intensity [16].
Reciprocally, turbine yields are affected by upstreamturbine wakes through the characteristic velocity
deficits and turbulence increases [17]. Thus a relevant
device layout optimization must account for all those
parameters. In summary, one can say that in order to
ensure the sustainable and renewable character of a
large-scale TCT farm planning project a mutual
resource-impact regional assessment must be
performed during the pre-deployment phase. In order to
do so, the use of a 3D meso-scale numerical model
scanning multi-scale phenomenon from sub-grid scale
turbulences to channel water level perturbations
appears to be the most practical option.
As analytical approaches cannot be utilized for
realistic cases, the current project is based on a
numerical model. A feature analysis, which considered
key numerical features and practical and exploitation
considerations, led to the selection of ROMS (Regional
Ocean Modelling System) as the base modeling system
to be adapted. ROMS can be described as a 3-D, splitexplicit,
free-surface,
terrain-following,
quasihydrostatic primitive equation oceanic model.
However, this description barely outlines the
complexity as well as the real potential of this well
established numerical tool.

2. Turbine
Balance

modelling

–

Figure 1: Actuator disc theory, conceptual diagram

The particular dynamics are commonly formalized
through momentum considerations.
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Where:

•
 actuator disc area ( )
•  induction factor
Extracted flow-energy is converted into useable power
from the torque applied on the rotor disc by the water
mass passing through and the torque itself is induced
by the design of the blades. In the opposite reaction, the
water flow acquires a swirl-like rotational motion
downstream of the turbine. This area of reduced axial
momentum and increased angular momentum
sprawling over several rotor diameter lengths is called
the wake. Commonly the wake structure is divided in
two parts: the near and the far wake [18] It has been
shown that for wind turbines most of the rotational
motion is contained in the near wake and mostly
dissipated within five rotor-diameter lengths ([19],
[20]). Accordingly, assuming a regional scope
resolution, one could a priori neglect the induced swirl
effects from its TCT modelling method as is the case in
physical scale modelling where turbines are usually
represented by non-rotating porous discs ([20], [16],
[21]).
From a theoretical point of view, energy extraction
from the flow by a turbine can be expressed as a sink of
momentum. Let  be the momentum sink term in its
general Cartesian expression:

Momentum

Conceptually, extracting energy from a flow slows
the mass of fluid passing through the area swept by the
turbine blades or rotor discs. Additionally, by design,
fluid mass passing through a rotor induces a
discontinuity of static pressure along the rotor-center
line (Wind Energy Handbook, 2008; Figure 1).
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#1$ ( viscous loss term
#2$ ( inertial loss term
 ( dynamic viscosity (N.s/m2)
( density (kg/m3)
 ( velocity components in x, y, z directions
(m/s)

According to Sun (2008), for a homogenous porous
media  and  can simplified as follows:
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Figure 2: Velocity deficits along rotor-centre line for several eddy viscosity tunings
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The most critical parameter in the sink momentum
method defined above is the thrust coefficient, < . The
non-dimensional < coefficient representing a
particular turbine quantifies the downstream-directed
force caused by the fluid passing through the virtual
porous disc formed by the area swept by the turbine
blades. Thus far this quantity has been assumed
constant, although it varies with the rotational speed or
tip speed ratio and also with the flow velocity.
ROMS contains an option which allows expression
of the bottom and surface shear stress as a body-force
acting on the fluid. This option works in three steps for
each depth level. First, the user determines the
thickness of the bottom and surface shear layer. Then it
transforms the shear expression into a body-force
expression and finally injects the latter force in the
momentum balance. By mimicking this approach for a
mid-depth shear layer in the present implementation
method, ROMS is modified here in order to take into
account the mid-depth body-force similar to the flow
retarding force induced by a current turbine described
above.

(4)

A further assumption is to consider the current turbine
as a perforated plate as used in physical modelling. In
this way, the viscous loss term (eq. 2) is equal to zero
and is given by:
5
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In the present case several assumptions can be made.
Firstly, according to the geometry of the channel and
the orientation of the turbine (cf. §3),  possess only
one component in the direction normal to the rotor-disc
4. Besides by applying this sink term over the area
swept by the turbine blades  , eq. 2 adopts the general
form of a body force 5 (cf. eq. 4):
5



(5)

It is worth noticing that now the expression of 5 (eq. 5)
is analogous to a pressure drop or a quadratic drag
force. According to Réthoré (2009), the coefficient 
can be defined as a function of the induction factor
(eq.6) which in turn can be expressed as a function of
the thrust coefficient (eq. 7, 8).

3. Numerical Model vs. Physical Scale
Model
In order to validate the relevancy of this turbine
modelling method, a model-data comparison between

3

3rd International Conference on Ocean Energy, 6 October, Bilbao
physical scale model and numerical model results has
been conducted. The reference physical scale model
has been performed and published by Myers & Bahaj
[24]. The experimental features of this validation case
are:
• A rectangular Channel with a 21 m long, 1.35
m wide and 0.3 m deep working section
• Turbine represented by a 100 mm diameter
perforated disc with a porosity corresponding
to Ct=0.86.
• A constant, depth-averaged inflow of 0.25 m/s
whose vertical profile closely matches a (1/7)th
power law.
• Bottom roughness length of z0=0.008m

hydrodynamics. At the same time, this fitting of wake
decay between the reference data and the standalone
actuator disc simulation appears to be a key step in the
calibration process since it allows accurate
determination of the appropriate eddy viscosity.

4. Turbine
Balance

The simulations are benchmarked based on their
wake recoveries. A conventional method to
characterize wake recovery is the rotor centre-line
velocity deficit Udeficit. This non-dimensional number is
a function of the ratio between free-stream flow U0 and
the wake velocity Uw, both measured at hub height.
1

DE
DF
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Turbulence

In order to improve the discrepancies in the near
wake performance at the simulation discussed above, it
may be important to recognize that the fluid passing
through a rotor results in a local disturbance to the
turbulence equilibrium just behind the rotor [24]. This
region of intense turbulence, commonly called near
wake, transports a broad range of length scales and is
mainly generated by the axial velocity shear ([26],
[23]). The influence of turbines on turbulence can be
considered to be an energy transfer directly to smallscale turbulence [27] or, in other words, as a short
circuiting of the turbulence cascade [28].
Accordingly, perturbation, and therefore its
correction, in the turbulence energy conservation shall
be defined as a function of the production of turbulence
GC [27]. In ROMS, turbulence closure is generally
achieved via two equation turbulence closure schemes.
These schemes generally possess one transport
equation for the turbulent kinetic energy H(m/s2) and
one transport equation for a turbulence scale variable
related to the turbulent energy dissipation. In this work,
the k-ω closure model is used, where ω is the specific
dissipation (1/s). Consequently, a local source term of
dissipation Pω (eq.10), which is a function of the
production of turbulence, is added in the ω transport
equation. This compensates the turbulence equilibrium
perturbation by counter-balancing the enhanced kinetic
turbulent energy k generated by the extra-velocity shear
induced by the presence of the device.

The numerical features, applied for its simulation, are:
• A 180×70 horizontal mesh applied on 40
vertical sigma levels for the grid
• A constant, depth-averaged inflow of 0.25 m/s
imposed at the upstream channel boundary
and a free-surface elevation at the downstream
boundary clamped to 0 m
• Free-slip conditions on the lateral walls;
FS_Radiation, M2_flather and M3_Radiation
for the upstream open boundary; FS_Clamped,
M2_Reduced and M3_Radiation for the
downstream open boundary

@ABC

modelling

(9)

GI  I

Fig. 2 shows velocity deficits along the rotor-centre
line for simulations using different values of eddy
viscosities (distinguishable by different colors and line
types) and the corresponding measured values for this
simulation from the physical scale model (cf. grey
points) [25]. One can clearly notice a poor match
between the numerical simulations using a standalone
momentum-sink method and the physical scale model.
Nonetheless, by shifting one particular numerical curve
from few rotor-diameters downstream, the simulated
wake decay seems to match the reference values (cf.
thick dashed blue line). In fact, the shifted curve
highlights a spatial lag of wake decay between the
numerical simulation and the reference trend. It then
appears that the relative deficit recoveries between both
signals are approximately equivalent but lagged in
space by a few diameters. This misrepresentation of the
wake recovery may come from withdrawal of nonlinear
hydrodynamic behaviors induced by such rotatingblade devices, and most likely because of the near wake

JKL

MN L

(10)

Where I is a tuning parameter and
is the water
density.
Fig 3 shows velocity deficits along the rotor-centre
line for the simulation using the standalone actuator
disc method (cf. dashed line), the simulation using the
actuator disc method plus the turbulence correction
term (cf. solid line) and the reference results (cf.
crosses). The results from the physical scale model and
the simulation using the turbulence correction term
appear to fit reasonably well (Fig. 3) and therefore the
inclusion of GI in the turbulence closure scheme seems
to be a satisfactory method to parameterize near wake
hydrodynamic effects over a regional scale. This
emphasizes that near-wake turbulence is a key issue for
predicting the complete wake [26], and must be
represented in some fashion in order to perform an
accurate assessment of the device interactions.
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Figure 3: Velocity deficits along rotor-centre line with and with turbulence correction term
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Conclusions

On the basis of comparisons with physical scale
tests, a regional ocean modelling system (ROMS) has
been successfully adapted to represent wake decay
behind a marine current turbine. Model alterations
required both the addition of a momentum sink and a ω
source term to reliably model the hydrodynamic effects
induced by an idealized stream turbine. Nonetheless, a
thorough validation of this method would involve
profiles and 3-D velocity considerations from in-situ
data, free-surface measurements as well as temporal
convergence cross-correlation with CFD models.
However, this method introduces additional
independent parameters such as I or the area over
which GI is applied. Those two parameters do not have
any precise physical justification [28] which makes the
ROMS calibration phase even more delicate. In the
near future, validation and physical meaning of the
previously mentioned parameters will be improved. In
addition, array simulations with realistic bathymetry
and forcing will be performed in order to test the
numerical stability as well as the real potential of the
adapted regional model.
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