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30 minutes every 6 hours, the device may be operational
for the remainder of the time. Although the tidal flows
are much slower than wind the extra density of water
over air means the available energy in the tide is much
greater. The disadvantages are mainly associated with
installation and maintenance.

Abstract.

Marine currents have the potential to provide a
large proportion of Britain’s energy generation requirements.
Whilst a number of devices capable of utilizing this resource
are under development, there is at present little exploitation of
marine energy. One potential generator of energy in this area is
tidal stream turbines (TST). However, since they are expensive
to install, engineers need to ensure that the TST will deliver
optimum performance once they are in place. This performance
is dependent on a number of features that are specific to the
surrounding environment, including the underlying bathymetry
and variation of the current both temporally and within the
water column. Computational fluid dynamics (CFD) is a useful
tool for predicting what impact the surrounding environment
and supporting structure will have on the performance of a
TST. In this paper the importance of using measured site data to
develop CFD models for TSTs is demonstrated. A CFD model
of a TST is presented and two designs for the supporting
structure are investigated. A parametric study is carried out
using a flat bed model. Finally, a series of results is presented
for a site in the Severn Estuary using a bathymetry defined bed.

This work is part of a collaborative project between 7
groups at Swansea and Cardiff Universities and
sponsored by the Low Carbon Research Institute [1]. The
project examined all aspects related to the installation of
tidal stream turbines, including determining the process
necessary to reach consensus regarding installation of the
device, surveying techniques necessary to obtain site
related data and numerical modelling. In the strand of
the project reported here a computational model of a
single tidal stream turbine device has been developed.
When modelling turbines with CFD a decision has to be
made about how the turbines should be represented in the
model. Moving mesh methods and time averaged
momentum sources are two approaches that may be
implemented. In a moving mesh method the rotor is
physically part of the solution domain, whereas in the
time averaged momentum source approach, based on
blade element momentum theory [2, 3], the rotor
characteristics are averaged over a disk of mesh
elements. The prediction of the power extracted from the
tide is consistently predicted by the two methods as is the
nature of the large scale fluid flow. The techniques differ
in the vicinity of the rotor where the moving mesh
method allows the transient nature of the flow over the
moving turbine blades to be fully predicted. Thus the
moving mesh method is commonly used where effects
local to the rotor are important, such as the calculation of
temporal loads on the structure. However, the time
averaged method is computationally more efficient than
the moving mesh method. As a result it can be used in
simulations associated with large scale phenomena such
as scouring and sedimentation.
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1.

Introduction

As one of the signatories of the Kyoto Protocol the
United Kingdom is committed to reducing its emissions
of greenhouse gases by 12.5 % relative to the 1990 level
by 2012. Exploitation of renewable energy sources offers
a potential solution to achieve these aims. Certainly to
achieve the government's stated desire to reduce
greenhouse gas emissions by 80 % by 2050 there is
necessity to invest in research and technology associated
with energy generation with low or zero carbon
footprints.
An area that has not been exploited to the same level as
wind is the generation of power from tides. One approach
to harness the available energy in the tides is to use a
device that resembles the standard wind turbine. The
advantage of tidal power generation is that it is a
predictable resource. Whilst the turbine will generate no
power at the changing of the tides, probably for around

https://doi.org/10.24084/repqj08.724

The tidal stream turbine model presented in this paper
uses a time averaged momentum source approach. The
details of this approach will be presented. The case study
will show how the performance of the rotor varies for
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two supporting structure designs across a range of tip
speed ratios. The model will then be used to predict
performance at a site in the Severn Estuary using
bathymetry data measured by other teams in the
collaborative project. The results will investigate the
effect that using measured on-site data in a CFD model,
instead of using idealised parameters, has on predictions
of TST performance.

2.

allows sources that represent the force on the fluid due to
the blades of the turbines to be applied to each of the
momentum equations. The advantage of this approach is
that the physical characteristics of the blade are built into
the source rather than the mesh consequently allowing
the use of better quality meshes. The disadvantage is that
because of the time average principle of the approach it
fails to resolve any transient flow features due to blade
position.

Computational Approach

To define the characteristics of the rotor according to
axial and radial position the blade element momentum
(BEM) [1] method is employed. Figure 1a shows
diagrammatically how a three bladed rotor is discretised
using the BEM approach. The blade properties for blade
element at a certain radius r are determined and are then
averaged throughout the whole of the shaded region in
this diagram. This is done for each blade element
throughout the radius of the rotor.

A. Governing Equations
In this paper the water is modelled as an incompressible
turbulent fluid. The Navier-Stokes equations
∇.u = 0
(1)

∂ ρu i
∂p
+ ∇.( ρuu i ) = −
+ ∇.(μ lam + μ t )∇u i + S i (2)
∂t
∂ xi
are used to represent the conservation of mass (1) and
momentum (2) in the domain, where ρ is the density, ui is
the i’th component of the velocity vector, p is the
pressure, μ lam and

μt

are the dynamic laminar and

turbulent viscosities respectively, and Si represents any
sources into the equations (for example the source due to
the moving rotor).
The effect of turbulence is resolved through the k-ε
model [6]. In this model the following two equations are
solved:

Figure 1 Schematic of discretisation of the rotor

Each blade element has a chord length cFb , element

⎛
μ ⎞
∂( ρ k )
+ ∇.( ρuk ) = ∇.⎜⎜ μ lam + t ⎟⎟∇ k + μ t G − ρε (3)
∂t
σk ⎠
⎝
⎛
μ ⎞
∂ (ρ ε )
ε
(4)
+ ∇.( ρ u ε ) = ∇.⎜ μ lam + t ⎟∇ε + (C1ε μ t G − C 2ε ρε )
⎜
⎟
∂t

⎝

σε ⎠

thickness t Fb and radial width

Equation (3) represents the energy k contained within
the turbulence, and equation (4) represents the dissipation
ε of this energy.

The angular velocity is represented by Ω and U is the
upstream horizontal velocity. The chord inclination angle
and flow inclination angle are denoted by β and φ
respectively.

Equations (3) and (4) are used to calculate the turbulent
viscosity μ t as follows

In equations (3),

Each element

experiences forces acting on it due to the fluid. These are
broken down into axial and tangential components as
shown in Figure 2. Here dT and dF A represent the
torque and axial forces respectively. The lift dL and drag
dD forces are dependent on the angle of attack α
between the blade element and the resultant velocity v R .

k

ρ Cμ k 2
μt =
ε
(4) and (5) σ k , σ ε , C1ε , C 2ε

δr .

(5)
and

Cμ are taken to be constants, and G represents the
turbulent generation rate.
B. Blade Element Momentum Method
The concept behind the CFD turbine model presented in
this paper is that at a large enough time scale the turbine
rotor would photographically appear as a blur. At this
time scale the rotor will apply the same force to all
locations at the same radial distance from the rotor axis
on a given axial plane. This time averaged approach
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Figure 2 Resolution of lift and drag forces

Following the approach described by Orme [3] an axial
force on a blade element is defined by
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dF A = dL sin φ + dD cos φ

D. Definitions

(6)
and the tangential force on a blade element, which is
equal to the torque/radius, i.e. dT/r, is defined by
(7)
dFT = dL cos φ − dD sin φ
The flow inclination angle φ is defined by

The tip speed ratio (TSR), which is the ratio between the
rotational speed of the tip of the blades and the freestream, horizontal velocity is defined by

The performance of a rotor can be characterised using the
power coefficient, Cp , the torque coefficient, Ct , and

1
2
ρ vR cL cFbδr
(9)
2
1
2
dD = ρ vR cD cFbδr
(10)
2
and c D are the lift and drag coefficients

Cp =

Ct =

Here c L
respectively, and

v R = u + (Ωr − uθ )

2

P
1 ρU 3 A
2

T
1 ρU AR
2
2

Cf =

(11)

Substituting (9) and (10) into (6) and (7) gives the
following equations

=

∫

=

∫

0

ΩdT

dT

1 ρU AR
2
2

FA
1 ρU 2 A
2

(15)

1 ρU 3 A
2

R

0

R

=

∫

R

0

=

∫

R

0

rdFT

1 ρU 2 AR
2

dF A

1 ρU 2 A
2

(16)

(17)

In the computational model the integrals in (15)-(17) are
calculated from a summation over each element of the
blade of the blade force applied to that element as
calculated from (12) and (13).

1
2
S z = dFA = ρ v R c Fbδr (c L sin φ + c D cos φ ) (12)
2

1
2
Sθ = dFT = ρ v R c Fbδr (c L cos φ − c D sin φ ) (13)
2

3.

which, when resolved into Cartesian components and
converted into a force per volume, are substituted into the
momentum equations (2) through S i .

Case study

The aim of this case study has been to investigate the
impact that the surrounding environment has on the
performance of a generic 10 m rotor tidal stream turbine
at a particular location in the Bristol Channel. Of
particular interest is the shape of the supporting structure
and a bathymetry defined realistic sea-bed.

C. Computational Solution of the Equation Set
The solution to the governing equations (1)-(4) is
achieved using a collocated cell-centred finite volume
(FV) scheme [4] within the software PHYSICA [5]. CFD
solution software tools are often based on FV schemes as
they are locally as well as globally conservative and
computationally efficient when compared to alternative
techniques.

A. The effect of supporting structure on performance
For wind turbines changes in flow behaviour in the
vicinity of the rotor can have an effect on both the power
output and the structural loads on the rotor. Since the
nacelle length is usually kept as small as possible to
reduce structural imbalance the rotating plane of the rotor
is usually close to the supporting structure. This means
that the rotor performance is influenced by the flow
around the structure, and for an upstream rotor it results
in slower flow in front of the tower, which leads to lower
power output. However, for wind turbines, it is believed
that the effects on rotor loading are minimized provided
that a clearance of approximately one tower diameter
between the rotor blade and tower is maintained [11].

In the FV scheme the physical domain is represented by a
mesh consisting of non-overlapping polyhedral elements.
In the cell-centred scheme a solution node is placed at the
centre of each of these elements. The governing
equations are integrated over time and each mesh
element, and these discretised equations lead to a series
of relationships between the unknown values in an
element and the values in neighbouring elements. The
solution procedure is based on a variant of the SIMPLE
[7] algorithm, and, since a collocated scheme is used, the
Rhie-Chow approximation is used to prevent checkerboarding of the pressure field [8]. The CFD equations are
typically solved for using a diagonally preconditioned
conjugate gradient algorithm. Further details of the
solution procedure can be found in [9] and [10].
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Cf which are expressed as follows

the force coefficient,

dL =

2
z

(14)

where R is the blade radius.

velocities respectively, and Ω is the angular velocity of
the blades in rad/s. The lift force dL and drag force dD
are given by

2

RΩ
U

TSR =

⎛ Ωr − uθ ⎞
⎟⎟
φ = tan ⎜⎜
(8)
⎝ uz ⎠
where uθ , u z are the local fluid tangential and axial
−1

In order to investigate the effect that the supporting
structure has on the performance of a tidal stream turbine
a CFD model with a flat base was initially used. The
dimensions of the solution domain for a 10 m rotor are
shown in Figure 3. The width of the domain has been
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Figure 4 A comparison of Cp, Ct and Cf for the cuboid and
cylindrical towers on the flat bed domain.

chosen to be six times the diameter of the rotor as this
ensures that boundary conditions are having little effect
on performance, i.e., blockage is not occurring. The
downstream channel length is 400 diameters. The height
of the domain is taken from navigational chart depths of
the sea-bed at the site to be 32 m below LAT (lowest
astronomical tide).

Figure 4 shows how the power coefficient, Cp, torque
coefficient, Ct, and axial force coefficient, Cf, vary with
increasing TSR for both cuboid and cylindrical towers.
It can be seen that for both towers the optimum
performance occurs between TSR=2 and TSR=3, with
the performance tailing off quickly after TSR=4. The
model with the cylindrical tower consistently gives
higher performance than the cuboid tower. This is
unsurprising since the cylinder is more hydrodynamic
than the cuboid, which leads to more power being
available in the flow stream at the front of the rotor. This
is confirmed in Figure 5 which shows the velocity
contours along the z mid-plane for both the cuboid
structure and cylindrical structure. The figure clearly
shows that upstream flow slows down in front of the
cuboid structure more quickly than for the cylindrical
structure.
Figure 5 also shows the impact that the structure has on
the downstream flow. Immediately behind the cuboid
structure there is a region with very slow flow both at the
sea-bed level and at the top of the structure which is not
present when the cylindrical structure is used. However
this slow flow region is quickly dissipated and by x=180
m the size of the wake is of a similar magnitude for both
structures. These results demonstrate that the design of
the supporting structure can affect both the rotor
performance and the surrounding environment. It is
perhaps not surprising that the more hydrodynamic
structure delivers the better performance and shows
better wake recovery immediately behind the TST.

Figure 3 Schematic of the flat-bed geometry a) 3D dimensions
b) cross-sectional view showing dimensions of rotor and
supporting structure relative to inlet.

In all the following simulations the TST model consists
of a vertical tower (either a cuboid or a cylinder) of
height 12 m and a 4-blade 10 m rotor. The centre of the
model is positioned on the z mid-plane, the centre of the
rotor is 25.5 m downstream of the inlet and the centre of
the tower a further 2.5 m downstream - see Figure 3b.
This gives a clearance of approximately 1.5 m between
the rotor and the tower. The cross-sectional area of the
cuboid tower is 1 m x 1 m, and the diameter of the
cylindrical tower is 1 m. The resulting meshes consist of
approximately 350k hexahedral elements.
The following boundary conditions were imposed:
• Upstream flow speed of 1.6 m/s corresponding
with velocity measurements taken at the water
surface at the proposed site.
• A zero pressure BC on the outlet and symmetry
BC on the top and vertical sides of the domain.
• No-slip BC on the base of the domain and the
surface of the tower.

Figure 5 Velocity contours along z=0 plane for cuboid and
cylindrical towers in flat sea-bed domain at TSR=3

B. Effect of bathymetry on performance
Bathymetry data of the proposed test site in the Bristol
Channel was gathered by one of the project partners [12].
The data was measured for a region of approximately 1
km2 and was used to pinpoint a suitable location for the
turbine. When the turbine location was specified the CFD
model was modified using the bathymetry data to define
the base of the solution domain. The bathymetry,
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corresponding value is 6.2 %. This is due to the crosssectional area of the domain at x=426 m being
approximately 5 % smaller than the cross-sectional area
of the flat domain. Since the flow is incompressible this
obviously results in faster flow speeds in this section of
the bathymetry domain in order to ensure continuity. It
can also be observed that for the flat domain the
minimum velocity at x=426 m, y=12 m (i.e. 40 rotor
diameters downstream) has only recovered to 87.5 % of
its inlet value.

magnified by a factor of 10 in the vertical plane is shown
in Figure 6. Note that the supporting structure is shown in
this figure but the rotor is not.

These results demonstrate that if it is possible to choose
the dimensions of a flat bed domain to give a reasonable
approximation to the bathymetry data upstream of the
proposed location of the TST the performance of the
rotor can be predicted as well by the flat bed domain as it
can by the bathymetry domain. This of course relies on
little change in the shape of the sea-bed bathymetry
upstream of the proposed site. However, the results for
wake recovery also demonstrate that the bathymetry can
significantly change the flow profile in the solution
domain. This means that it is important to use bathymetry
data if it is available, particularly if the model is to be
extended to predict the behaviour of arrays of turbines.

Figure 6 Bathymetry defined solution domain magnified by a
factor of 10 in vertical plane.

A series of simulations were carried out on the
bathymetry domain using the cuboid and cylindrical
tower for 1 ≤ TSR ≤ 6 . As in the flat seabed model an
upstream velocity of 1.6 m/s is imposed at the inlet. The
graph in Figure 7 shows how Cp, Ct, and Cf, vary with
increasing tip speed ratio (TSR) for the flat seabed model
and the bathymetry defined model using the cuboid
structure. It can be seen that both models follow the same
trends and there is very little difference in performance
between the two domains. This is because the crosssectional areas of the two domains upstream of the rotor
are very similar, resulting in a similar upstream velocity
distribution for each model - see the velocity profiles at
x=20 m, y=12 m at TSR=3 in Figure 8 for each domain.

Figure 8 Resultant velocity along y=12 m for flat and
bathymetric domain with cuboid structure and TSR=3 at x=226
m and x=426 m

4.

The aim of this paper has been to demonstrate a blade
element momentum method for predicting the
performance of a tidal stream turbine at a particular site
in the Bristol Channel. The method has been
demonstrated on two computational domains, a domain
with a flat base and a domain with the base defined by
bathymetry data measured at the site.
Two supporting structures for the rotor have been
implemented in the flat domain model. The results over a
range of TSRs demonstrate that the performance of the
rotor increases with the more hydrodynamic structure
design. The results also show that the flow patterns in the
immediate vicinity of the structure vary considerably and
this could have a significant impact on environmental
issues such as scouring and sedimentation.
Comparing the performance of a TST in the flat domain
and bathymetry domain showed that for this particular
site there was very little difference in performance

Figure 7 A comparison of Cp, Ct and Cf for the flat and
bathymetry defined seabed domains.

Although the performance of the TST is very similar for
both domains, the shape of the external geometry has a
more significant effect on the strength of the wake
downstream of the rotor. Figure 8 also shows a
comparison of the behaviour of the wake along y=12 m
at x=226 m and x=426 m for the flat and bathymetric
domain. It can clearly be seen that at x=226 m the
resultant velocity profile for both models is very similar
with a maximum difference of the bathymetry results
from the flat results of 0.8 %. However, for x=426 m the
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characteristics on each domain. This was partially due to
the height of the flat domain being chosen to be a good
match to the bathymetry data at the proposed site, and
also because the cross-sectional area of the bathymetry
domain upstream of the TST did not show much
variation from the cross-sectional area of the flat domain.
However, downstream of the TST the flow did show
more variation which was caused by the change in crosssectional area of the domain.
These results demonstrate that if a single TST is being
considered and the bathymetry is fairly uniform upstream
of the TST then a flat domain model will give a good
prediction of the performance of the TST. This can be
useful as using bathymetry data can sometimes lead to
complex mesh shapes, which can in turn lead to
increased computation time. However if the bathymetry
upstream of the TST is not fairly uniform then it is not
appropriate to use a flat domain model as the bathymetry
will have a more significant effect on the upstream flow
profile, which in turn will affect the amount of energy
available to be extracted. In addition, if the geometry
varies a lot downstream of the TST the flat domain
model will not be able to predict the wake behaviour as
well as the bathymetry model. This is particularly
important when considering fields of turbines as the
wake recovery of a TST will have an impact on the
performance of any TST placed behind it.
Although the BEMT CFD model does not allow the
transient nature of the flow in the vicinity of the blades to
be predicted it does enable the user to investigate the
impact of the TST on more large scale phenomena, and
some research which uses the model to investigate
scouring, sedimentation and the impact on sea-life has
already been carried out by the authors [13].
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