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this raises concerns regarding the accuracy of the
model at capturing the influence of the complex
turbulence structure around the turbine on the local and
farstream flow structures. One way to address this was
proposed by Chen and Kim [2] whereby modifications
can be applied to the turbulence model used, in their
case the standard k-ε turbulence model, to represent the
breakdown of large-scale to small-scale turbulence in
the vicinity of the rotor. The k-ε turbulence model is a
very popular choice in CFD modelling of isotropic
flows due to its simplicity and stability. A key
limitation of the standard k-ε model identified by the
authors is its tendency to over predict spreading rates of
round jets and produce highly diffusive results when
applied to swirling flows.
The authors attributed these inconsistencies to the
empirical nature of the dissipation rate equation and
attempt to correct for this by adding to it an additional
time scale of the production range of turbulent kinetic
energy. The modification serves as an energy transfer
function, which in the context of a turbine is intended
to reproduce the effects of the breakdown of large-scale
turbulence to small-scale turbulence in the vicinity of
the rotating blades. This was applied by El Kasimi and
Masson [3] in the context of wind turbines. In this
study, the modification will be applied to tidal stream
turbines and the effects on velocity, turbulence
intensity as well as the turbulent kinetic energy
production and dissipation will be investigated.

Abstract

The coupled Blade Element Momentum Computational Fluid Dynamics (BEM-CFD) model
offers a computationally efficient tool for simulating
Tidal Stream Turbines (TSTs). The model is used to
evaluate TST performance through simulations
over a range of tip speed ratios and flow velocities.
When compared to other modelling approaches,
such as classical Blade Element Momentum Theory
(BEMT) or pure CFD modelling, the coupled model
has a tendency to over-predict rotor performance.
When compared to CFD results with geometrydefined blade surfaces, the model is computationally
less expensive but under-predicts wake recovery.
One possible reason for this is that the source terms
used to represent the rotor are only introduced into
the momentum equations of the CFD model, and
not the turbulence equations. This paper will
attempt to address this aspect by introducing an
additional term to the dissipation rate equation of
the standard k- turbulence model. The purpose of
this term is to represent the breakdown of largescale turbulence to small-scale turbulence at the
location of the blades. Variation in the value of this
additional term with flow velocity and tip speed
ratio of the rotor will be evaluated.
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1.

Introduction

2.

The coupled Blade Element Momentum Computational Fluid Dynamics (BEM-CFD) model is
an effective tool for predicting tidal stream turbine
performance [1]. The model is relatively efficient when
compared to conventional CFD modelling due to
simplifications in rotor representation and the steady
state assumptions used in the simulations. However,

The BEM-CFD Model
2.1 The governing equations

The Navier-Stokes equations, representing the
conservation of mass and momentum as follows, are
solved:
=0

(1)
(2)
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where ρ is the density, ui isthei’thcomponentofthe
velocity vector, p is pressure, lam and t are the
dynamic laminar and turbulent viscosities respectively,
and Si includes additional sources due to the moving
rotor.

2.3 The turbulence model
The standard k-ε turbulence model is used. Two
equations are solved representing the energy contained
with the turbulence and its dissipation as follows:
(11)

2.2 Rotor representation
The turbine rotor is represented in the model
according to the principles of Blade Element
Momentum Theory. The blades are discretised into thin
elements, and the forces exerted by each element on to
the oncoming fluid shown in Fig. 1 are determined.
Apart from the flow velocity, uz, tabulated data
characterising the blade geometry (chord lengths and
twist angles) and hydrodynamic properties (lift and
drag coefficient variations with angle of attack)
perform the required calculations.

(12)
For this study, the following additional term is
introduced to the transport equation of the turbulence
dissipation to represent the breakdown of large-scale
turbulence to small-scale turbulence at the blade:
(13)
, ,
,
and
are taken to be constants, and
G represents the turbulent generation rate. For the
purpose of this study, 'standard' and 'modified' source
terms will be used to refer to the k- ε turbulence model
applied without and with the additional source term
described in Equation (13). Turbulence intensity is
estimated as follows:

Figure 1: Resolving of blade forces
(14)

The axial and tangential forces (FA and FT
respectively) are defined as follows [4]:

2.4 Model domain

(3)

Simulations were conducted for a 10 m diameter
rotor centred vertically within the water column with a
flow depth of 30 m. The nacelle and tower diameters
are 1.0 m as portrayed in Fig. 2, the nacelle length is
5.0 m. The domain was extended 300 m upstream and
400 m downstream of the turbine structure to ensure
upstream flow development and adequate distance for
evaluating wake development downstream. A domain
width of 200 m was implemented to reduce blockage
effects.

(4)
where  is the flow inclination angle defined by:
(5)
u and uz are the tangential and axial velocities
respectively, and  is the angular velocity in rad/s. The
variation in lift force,
, and drag force,
, along
the blade radius are given as follows:

3.

(6)

The area-mean magnitude of the additional source
term across the rotor region is presented in Fig. 3. The
additional source, as depicted in Equation (13) is
predominantly a function of the fourth power of the
longitudinal velocity. This is reflected in the power-law
relationship between blade source magnitude and
freestream velocity.
Addition of the extra source term to the dissipation
transport equation leads to an increase in the value of ε
at the location of the rotor as would be expected, and
this is shown in Fig. 4. Although the magnitude of the
difference between the 'standard' and 'modified' models
increases with freestream velocity, relative to the
standard source, there is little variation. For instance,
for a flow velocity of 1.0 m s-1, the value of ε for the
modified source is 15.0 % greater than for the standard

(7)
c is the chord length, dr is the radial width,
and
are the lift and drag coefficients respectively, and:
(8)
substituting the expressions for
equations for and
yields:

and

Results

into the
(9)
(10)

These expressions make up the additional source
terms introduced into the conservation of momentum
equations.
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source, compared to 16.5 % for a flow velocity of 3.0
m s-1.

Vertical profiles of longitudinal velocity are
presented in Fig. 5 at a selection of different distances
downstream of the rotor ranging between 1.0 and 16.0
diameters. In all cases, there are parts of the profiles
where velocities are lower in magnitude for the
modified model when compared to the standard model.
Immediately downstream of the rotor (1.0 - 2.0
diameters), this was mainly observed at the locations of
the blade tips and along the middle of the profile. These
locations correspond to the parts of the rotor region
where the additional blade source was greatest in
magnitude as shown in Fig. 6.
Further downstream (8.0 diameters and beyond)
velocities are lower across most of the blade region for
the modified model. This indicates a slower wake
recovery following modification of the turbulence
model. The purpose of the modification is to account
for the breakdown of large-scale to small-scale
turbulence at the blade, which in turn has slightly less
significance on the flow further downstream.

Figure 2: Lateral and longitudinal sections illustrating the
model domain dimensions.

Figure 5: Vertical profiles of longitudinal velocity with
and without the additional source term at a range of different
locations downstream of the rotor.

Figure 3: Magnitude of the additional turbulence source
term introduced at the rotor in relation to the freestream
velocity.

With the introduction of the modified source, an
increase in the value of ε results in a decrease in the
value of k as would be expected based on
Equation (11). This can be observed clearly in Fig. 4.
The decrease in k was considerably more significant
when compared to ε; 48.3 % for a flow velocity of
0.5 m s-1 and up to 50.7 % for a flow velocity of
3.0 m s-1. Once again, although the magnitude of the
difference is greater, in relative terms, there is little
variation with freestream velocity.
Figure 6: Additional blade source distribution across the
rotor region. Logarithmic scale.

Centreline velocity and turbulence intensity profiles
are presented in Fig. 7 for both standard and modified
models. The profiles indicate a more rapid recovery to
the freestream conditions for the standard model which
again, can be attributed to smaller turbulence length
scales at the rotor. At a downstream distance of
approximately 40.0 diameters from the rotor, the
velocity profiles are similar in magnitude for the
standard and modified models. The turbulence intensity
profiles indicate that such similarity is achieved around

Figure 4: Magnitudes of k (solid lines) and ε (dotted lines)
at rotor location for standard (blue) and modified (red)
models.
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9.0 diameters downstream of the rotor. This indicates
that the influence of the source term on the turbulence
structure nearer the rotor has more significant
implications on the velocity structure further
downstream.

modified model. Similar trends are observed for the
turbulent kinetic energy in Fig. 10. Plots for both
turbulent kinetic energy and its dissipation indicate a
lack of symmetry in the contours and this may be
attributed to the rotation of the flow in the wake region.

Figure 7: Downstream velocities and turbulence
intensities along the rotor centreline for an inlet velocity of
3.0 m s-1.

Wake sizes are quantified by characterising the wake
edge as an arbitrary percentile value of the freestream
flow velocity and then determining the wake width at
incremental distances downstream of the rotor. 90 %
and 95 % values have been considered and the results
are presented in Fig. 8. In both cases, the wake sizes are
originally very similar in magnitude near the rotor for
the standard and modified models. By 10 diameters
downstream, the modified model results in a more
rapid reduction in wake size when compared to the
standard model. However, further downstream this
trend is reversed and the modified model predicts larger
wake diameters. This trend can be observed more
prominently for the 90 % wake edge for which a nearly
complete wake recovery is predicted for the standard
model by 40 diameters downstream.

Figure 9: Turbulence dissipation rate contours for the
standard and modified models. Scale is logarithmic.

Figure 10: Turbulent kinetic energy contours for the standard
and modified models. Scale is logarithmic.

4.

Conclusions

A coupled Blade Element Momentum Computational Fluid Dynamics (BEM-CFD) model is
used to simulate Tidal Stream Turbine rotors. A
modification is applied to the turbulent energy
dissipation transport equation in the k-ε turbulence
model and an additional source term is introduced at
the location of the rotor. This is intended to account for
turbulent length scales in the vicinity of the turbine
blades.
The magnitude of the additional source term was
most significant at the nacelle and the blade tips. This
was evident in vertical profiles of velocity immediately
downstream of the rotor. Velocities at these locations
were slightly lower for the modified model compared
to the standard model.

Figure 8: Wake diameter profiles for an inlet velocity of
3.0 m s-1.

As can be seen by the turbulence dissipation rate
contours presented in Fig. 9, introduction of the
additional source term in the modified model has a
relatively little effect on the values of ε at the location
of the rotor when compared to the standard model. A
fractional increase in dissipation is observed within the
actual blade region. However, the influence is
considerably more significant further downstream than
the rotor as shown by lower dissipation rates for the
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Influence of the additional term on the total turbulent
energy dissipation at the rotor location was relatively
small. However, the dissipation was affected much
more significantly further downstream in the wake
region despite the additional source only being applied
at the rotor location. By introducing the additional
source, there was a slight decrease in k and increase in ε
at the rotor location. Both parameters decreased
significantly further downstream by introducing the
additional source.
The modification to the turbulence model resulted in
a slower wake recovery indicated by lower velocities in
the far downstream wake region. Turbulence intensities
were also significantly lower for the modified model up
to 10 diameters downstream beyond which values were
similar for the standard and modified models. Although
modification to the turbulence model mainly affected
turbulence structures near the rotor, the effect of this on
velocity structures was evident much further
downstream.
The slower wake recovery of the modified model
was also shown by the wake diameter profiles whereby
wake widths were narrower compared to the standard
model in the far downstream.
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