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readily drive a generator that operates above the water.
Furthermore, a number of the disadvantages of the
cross-flow type for the case of wind do not transfer to
the case of tide.

Abstract
This paper presents a direct comparison of four
methods of predicting cross-flow (vertical-axis) tidal
stream turbine behaviour. A number of prediction
methods are available, and for developers of crossflow turbines it is not always clear, given their
requirements, which method is most appropriate.

The unsteady hydrodynamic behaviour of cross-flow
turbines leads to the requirement for more complex
mathematical models when compared to the axial flow
type. A number of prediction methods are available,
and for developers of cross-flow turbines it is not
always clear, given their requirements, which method is
most appropriate.

We compare the four most applicable methods of
predicting cross-flow turbine behaviour: the blade
element momentum model, the discrete vortex
model, a combined boundary element/finite-volume
vortex model, and Reynolds-averaged Navier-Stokes
simulations. In the present work all of the methods
are implemented in two-dimensions in an
unbounded flow.

This paper presents a direct comparison of the four
most applicable methods of predicting cross-flow
turbine behaviour. These methods are, in order of
increasing complexity and computational overhead:

A comparison of the performance of these methods
is based primarily on predictions of blade forces on
an isolated turbine of 2.5m diameter, with three
blades of 0.2m chord and NACA 0024 section.

° Blade element momentum (BEM)
° Discrete vortex (DV)
° Combined boundary element / finite-volume
vortex model (V3D)
° Reynolds-averaged Navier-Stokes (RANS)
In the present work all of the methods are implemented
in two-dimensions and consider an isolated cross-flow
turbine in an unbounded incompressible fluid with a
steady, uniform velocity in the far field.

Keywords: Tidal turbine, vertical axis, modelling, RANS,
vortex, BEM

1.

Introduction

This paper presents a direct comparison of the four
most applicable methods of predicting cross-flow
(vertical-axis) tidal stream turbine behaviour. Crossflow turbines, which were developed as wind turbines,
have recently been subject to renewed interest as tidal
stream turbines. These turbines offer a number of
advantages over the more common axial-flow
(horizontal-axis) type turbines; for example their
operation is independent of flow direction, their widthto-height ratio is essentially unlimited and they can

The comparisons presented in this paper will be
particularly useful for developers of cross-flow turbines
as they elucidate the relative performance (cost/benefit)
of each of the models discussed.

2.

Definitions

A comparison of the performance of each method is
based primarily on predictions of blade forces on an
isolated turbine with a standard configuration shown in
table 1.
1
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M+ = M / ½ρU∞2c2

(3)

where blade length is assumed to be unity. The solidity,
σ, is the ratio of blade plan form area to turbine frontal
cross-section area:

Parameter

Value

Diameter (D = 2r)

2.5 m

Blade chord (c)

0.2 m

Blade section

NACA 0024

Flow speed U∞

2.5 m/s

Number of blades (N)

3

Solidity (σ = Nc/2r)

0.24

σ = Nc/2r

(4)

where N is the number of blades. The blades move at a
rotational speed, ω = dθ/dt, which is nondimensionalised as the tip-speed ratio:
λ = rω/U∞

Typical blade Reynolds
number (Re = wc/ν)

~10

(5)

6

The tangential force, FT+, is the component of force
which, along with a small contribution from the
moment, M+, generates instantaneous shaft torque:

Table 1: Configuration of the standard turbine

Given the high Reynolds number, even at this scale
the results of the comparison are directly relevant to
full scale.

Q+ = FT+ + M+ c/r

(6)

We will assess the time averaged shaft torque and
power as follows:

Two of the methods employed, namely BEM and
DV, rely on empirical data for blade section forces &
moments. There is a range of data in the public domain
and the outcome of these models depends heavily on
the source of data that is employed [1]. For this study,
steady blade force data was generated using the RANS
model and this is presented in reference [2].

CQ

= torque / ρU∞2r2 = Q + σ

(7)

CP

= power / ρU∞3r

(8)

= CQ λ

where the overbar represents the average over one
revolution. Finally, the thrust on the turbine is
normalised as

A two-dimensional Cartesian coordinate system is
adopted as illustrated in figure 1. The azimuth, θ, is
measured from the x-axis and the free stream velocity,
U∞, is parallel to the x-axis.

CT

FN

= thrust / ρU∞2r2

(9)

2π
= σ {FT + sin θ + FN + cosθ } dθ
2π ∫0

(10)
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M

_

r

3.

Four models were used to predict the blade forces on
the standard turbine configuration.

Chord line

y

3.1 Reynolds-Averaged Navier-Stokes (RANS)

θ

All of the RANS simulations were run using the
commercial code ANSYS CFX, this being selected
because of its known strength in turbo-machinery
applications. The RANS equations were solved with
the k-omega SST turbulence model, this choice being
determined by the importance of accurately capturing
the development of the boundary layers on the turbine
blades. The stability of this model in CFX was also a
determining factor. Two grids were used in the study:
the first, a coarse grid, was used to allow the solution to
be advanced through time relatively quickly, while the
second, a medium grid, was used to improve the
accuracy of the results. The result of the coarse grid
simulation after 60 turbine revolutions was used to start
the medium grid simulation which was then advanced
for a further three revolutions. Both of these grids were
one element thick extrusions of surface grids; a 3D grid
being required by the CFX solver.

x
Figure 1: Coordinate definitions

The blades are symmetric about the chord line and
are positioned with the chord line perpendicular to the
radius, r. The hydrodynamic force on each blade is
decomposed into FT and FN which are tangential and
normal to the chord, respectively. Each blade is
connected at the quarter chord point, and the moment
about that point is denoted M where counter-clockwise
is positive. The forces and moments are nondimensionalised with the blade chord, c, the fluid
density, ρ, and the free stream velocity, U∞:
FT+ = FT / ½ρU∞2c
+

FN = FN /

½ρU∞2c

Description of models

(1)
(2)
2
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solution can be found to the quasi-steady flow through
each streamtube, yielding blade force data.
In the present comparison the BEM model was
implemented as described in [6]. No dynamic stall
model was used, and blades were considered to be
infinitely long.

3.2 Combined boundary element / finite-volume
vortex model (V3D)
The Combined boundary element / finite-volume
vortex model (V3D) is a new method of modeling
cross-flow turbines. V3D provides time resolved
solutions of the Navier-Stokes equations in curl form
[3-4]. The code was developed for 3-D solutions to
axial-flow turbines, and has been adapted for the
Darrieus turbine. The results presented are preliminary.
The blades are modeled using a potential flow code
with Neumann boundary conditions applied via a linear
vorticity distribution over 100 panel aerofoils. This
provides the vorticity source implicitly due to a
combination of the Kutta and Helmholtz conditions on
the foils. This "inner"-problem was advanced a
minimum of 10 times per finite-volume timestep. The
timestep and sub-timestep lengths were determined by
Courant-Friedrichs-Lewy (CFL) conditions on the
mesh, and a CFL-like condition on the turbine blades
To simulate the wake, the vorticity-transport
equation is solved on a Lagrangian-Eulerian mesh
based on quadtree domain decomposition allowing the
focussing of resources on areas of interest. A fast
multipole expansion for velocity recovery closes the
system, and is coupled to high-resolution non-linear
finite volume schemes which preserve wake structures
and prevent the artificial dissipation encountered in
RANS codes.

4.

Data was generated from each model at tip speed
ratios of 2.0 < λ < 3.6 at increments of ∆λ = 0.2. For
each simulation results were taken between 55 and 65
revolutions (excluding BEM, which is quasi-steady).
By this time results had become periodic in all models.
Figure 2 presents data from all models, with blade
force coefficients plotted against azimuth for a whole
revolution. Each column represents a different tipspeed ratio. For higher tip-speeds (λ > 2.8), results were
similar to those for λ = 2.8, but with increasing
agreement as the tip speed increased. Hence, results
from lower tip-speeds are shown to highlight the
differences between the models.
4.1 Tangential force, FT+
The top row of figure 2 shows the torque generating
force, FT+. All four models are well synchronised, and
this is most evident at an azimuth of ~90o, where the
blade forces drop together to their minimum as the
blade moves directly into the flow. At this point the
tangential force rises and, taking the example of λ =
2.4, there is good agreement for about 45o of blade
rotation, after which the two models that rely on
empirical data predict blade stall. The RANS model
predicts a later stall, because it accounts for dynamic
stall effects, and the V3D model is unable to predict
stall.
During the downstream half of the blade’s rotation
there is less agreement between the models. The DV
and BEM models agree fairly closely, and predict quite
high forces – this is because they did not capture as
much energy while upstream, so that more is available
downstream. Further insight into these differences can
be gained by comparing velocity profiles across the
rotor – this has been omitted due to space constraints.
At higher tip-speeds, angles of attack are smaller,
stall is less likely, and the models all converge on very
similar upstream behaviour, and quite similar
downstream behaviour but with slight differences in
magnitude.
In summary, all four models predict similar general
blade force behaviour, however there are clear and
quite serious differences in the way the models predict
stall. For this reason the V3D is inappropriate for low
tip-speeds. The BEM and DV models are heavily
sensitive to modelling of dynamic stall or lack thereof.
The RANS model predicts a later stall relative to the
BEM and DV models. Finally, the agreement between
BEM and DV models is quite remarkable given
initially quite different physical principles – one is
dynamic and one is kinematic.

3.3 Discrete vortex (DV) method
The discrete vortex method was developed by
Strickland et. al [5] in the early 1980’s. The model is an
explicit time integration of a potential flow field
described by a finite number of point vortices. Each
blade is represented by a point vortex of strength Γ.
The lift of each blade is estimated by taking local flow
conditions and referring to empirical blade section data
under equivalent conditions. The circulation is then
found from the Kutta-Joukowski theorem:
L(t) = ρwΓ(t)

Results & discussion

(11)

where w is relative fluid speed at the blade. As the
circulation changes, point vortices are shed into the
wake in accordance with Kelvin’s law of unchanging
total circulation. These vortices are advected
downstream, generating a wake, and determining the
local velocity at each turbine blade.
For the present comparison the model was
implemented as described by [5], in two-dimensions
and without consideration of dynamic-stall or flow
curvature around the blade.
3.4 Blade element momentum (BEM) model
This model is the simplest and most common model.
It consists of splitting the flow into streamtubes which
are assumed to act independently. By comparing
streamwise momentum with blade forces, an iterative
3
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Figure 2: Non-dimensionalized forces and moment on the blade after the 60th revolution.

4.2 Normal force, FN+

4.3 Blade moment, M+

The force normal to the blade’s motion is important
because it is large and will dominate the structural
design of blades including stress, deflection and fatigue
considerations. Again very close agreement is found
between the BEM and DV models. At lower tip speeds
the BEM and DV models predict lower normal forces
than RANS for the upstream half, and conversely BEM
and DV predict larger normal forces than RANS for the
downstream half. This corresponds to the effects seen
in the tangential force: a stalling blade upstream results
in reduced lift and therefore reduced normal forces over
much of the blade’s upstream pass; consequently high
flow velocities in the downstream section result in
more energy extraction and higher forces during that
half.
As with the tangential force, at higher tip speed ratio
there is good agreement between all models during the
upstream half, and less agreement on the downstream
half.
The V3D model predicts high normal forces that all
other models, both during upstream and downstream
passes. This reflects the lack of stall prediction.
In summary, again there is surprisingly strong
agreement between BEM and DV results. Prediction of
stall at low tip-speeds leads to the largest discrepancy
in predictions from different models.

The blade moment brings insight into the
unsteadiness experienced by the blade because moment
stall occurs at lower attack angles than lift or drag stall.
Again there is very close agreement between BEM and
DV results. RANS results show the same pattern but
with a shift to lower values. The V3D model shows
results that are almost invariant with tip-speed, and
does not predict a ‘kink’ half way through the upstream
blade pass – this is because it does not account for
boundary layer separation other than at the trailing
edge.
4.4 Time-average coefficients: CP, CQ, CT.
Figure 3 shows results for the power, torque and
thrust coefficient from all models over the range of tip
speeds.
The torque coefficient, CQ, is dominated by the
average value of FT+, because it is much larger that M+.
The torque curve in figure 3 can be inferred from the
plot of FT+ in figure 2. At low tip-speeds, the DV model
predicts lower torque than RANS, due to the
differences in stall prediction. At higher tip-speeds,
where stall is less important, the DV model predicts
higher torque than RANS. This difference comes
primarily from the higher downstream tangential force,
4
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The BEM and DV show remarkable agreement even
though they are derived in very different ways.
The V3D avoids dependence on empirical data while
also computing fairly quickly, however it does not
predict any stall behaviour and is therefore only suited
to high tip-speed applications.
The RANS model shows the capability of
commercial CFD to predict blade forces without the
need for section data.
A comparison of the velocity fields produced by
each code would provide more insight into their
relative merits.
However, while the present comparison may be a
useful benchmark for these numerical methods, the
quite serious differences in predicted forces serve to
highlight the need for good quality experimental data
on a standard turbine configuration.
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