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Abstract. This study focuses on a comparison of model results from a blade element momen-
tum computational fluid dynamics (BEM-CFD) steady state RANS model, and a BEMT model
that accounts for the wake generated from upstream turbines using analytic expressions. Rotor
forces are calculated using 3D hydrofoil profile data. Both techniques are validated against ex-
isting experimental data, and then used to assess the power extraction of downstream turbines.
Turbulent inflow conditions of 3% and 7% are applied, and the results of power extraction as-
sessed. Particular attention is paid to the velocity field, with respect to the downstream wake,
to assess how the turbulence characteristics effect the recovery rate and downstream power
potential. Both models highlight the different recovery rates of the two turbulent conditions.

1 INTRODUCTION

This study focuses on two approaches for the prediction of tidal stream energy extraction.
One approach is the BEM-CFD steady state RANS model [1] which computes the rotor forces
acting on the fluid from lift, drag, and geometric data supplied to the model as inputs. The
velocity and turbulence fields are also predicted. The second approach utilises a BEMT model
[2] that accounts for the wake generated from upstream turbines using analytic expressions for
mean flow and turbulent wake properties. Rotor forces are calculated using 3D lift and drag,
and a dynamic wake model is implemented.

To study the effects of turbulence on performance, the models are validated against existing
experimental data [3], and then used to assess the power extraction of downstream turbines. A
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range of turbulent inflow conditions are applied, and the results of power extraction assessed.
Particular attention is paid to the velocity field, with respect to the downstream wake, to assess
how the turbulence characteristics effect the recovery rate and downstream power potential.

The remainder of this paper describes the models, case setups, results, and conclusions.
Section 2 describes the BEMT analytical wake field expression, this is then followed in Sections
3.1 and 3.2 with a discussion of the BEM-CFD model. In Section 4 the modelled cases are
described. The results are then discussed in Section 5, and are followed by conclusions in
Section 6.

2 Analytical Wake Field Expression

Empirical expressions have been developed to approximate the wake field behind horizontal
axis tidal turbines in the far-wake region. These expressions represent the reduced flow speed
using expressions originally developed for wind turbines [4], with coefficients optimised using
experimentally measured flow speeds behind horizontal axis tidal turbine [5]. These expressions
define velocity deficit in the far-wake as a function of thrust coefficient and ambient turbulence
intensity [5]. Expressions for downstream turbulence intensities have also been developed and
tuned by [5]. These expressions were not directly derived from wind wake models, but were
created such that they are a function of the same two operating parameters; thrust coefficient
and ambient turbulence intensity. For lower ambient turbulence intensities, such as the 3% and
7% ambient values used in this study, it was shown by [5] that expressions based on the Larsen
model [6] are well suited for calculating centreline velocity deficit and those based on the Ainslie
model [7] effectively describe the dependence on radial location. This model is referred to as the
Larsen/Ainslie model by [4].

The Larsen/Ainslie expression described by [4] defines velocity deficit in the far wake region

according to: )
Uw N T
=1 Uce< 3.56<2T0b> ) (1)

where r is the radial distance from turbine centreline, 7, is the radius of rotor, U, is the free
stream velocity,

3.56C } 2 ‘)

b=
[8U§(1 —0.5U7)

1 3 1\ 2
ot =y o) () () ) g

In these equations C7p is the thrust coefficient, A, is the rotor area, x is the distance in the
downstream direction (x axis), and ¢; is non-dimensional mixing length (empirical coefficient)
defined by [5] as:

and

c1 = 0.0406¢ 136177 (4)

where T'I is the ambient turbulence intensity. It is suggested by [5] that this algorithm only be
utilised within the wake radius suggested by Jensen [8] as:

Ty =To+ ar (5)
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Figure 1: Blade element method rotor discretisation scheme.

where o = 0.000037I* — 0.00097°I2 4 0.0097T1? — 0.0396T'1 + 0.0763. After this wake radius it
is suggested that ambient flow speeds should be utilised.

The empirical expression for calculating the turbulence intensity in the far-wake region sug-
gested by Pyakurel [5] defines turbulence intensity according to:

2
T, -TI\ -3(%)
Tl,=TI|| ——— 1
o= (M) ©
where T'I. is the centreline turbulence intensity calculated according to:

TI. = /ATI? + TI2 (7)

In this equation the increased turbulence intensity at the centreline is calculated from:

1.5 T\Fk
2 0.4
AT = 10‘15 Ct (*: ) (8)

where k = —277191,

3 BEM-CFD

This section introduces the hybrid analytical, BEM, and CFD computational model. First
is a short discussion of the CFD process, governing equations and turbulence models (Section
3.1). The following section outlines the BEM-CFD approach (Section 3.2), as described by [1],
and validated against [3].

3.1 CFD and the Governing Equations

CFD simulations are conducted using OpenFOAM [9]. Linking the CFD flow domain to
the BEM model is achieved by additional source terms included within the conservation of
momentum equations of the solver. The solver uses steady state Reynolds averaged incompress-
ible Navier-Stokes equations with a range of turbulence model options including K-Epsilon,
K-Epsilon RNG, and K-Omega.
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Figure 2: This figure shows the mesh generated using a combination of ’blockMesh’ and ’snappy-
HexMesh’ utilities. The left image shows the outer/base distribution of cells, while the right image shows
the refinements made around the wake and rotor regions.

The CFD model requires the solution of the Navier Stokes equations representing the con-
servation of mass and momentum. These equations are expressed as follows:

V- () =0 o)
V- (pi) = — g+ V- (f + Vi) + (10)

where p is the density, ¢ is the velocity vector, v; is the ith component of the velocity vector,
p; and py are the laminar and turbulent dynamic viscosities respectively, and S; includes an
additional source representing the moving rotor.

A widely used method for simulating the effect of turbulence on the mean flow, at the sub
grid level, is the k-e turbulence model [10]. Although this model is relatively simple, stable,
and requires modest computational cost, it is limited by the single length scale used to calculate
the viscous properties of the turbulent fluctuations. Diffusion, as a result of the turbulent
fluctuations, does not occur at just one length scale. The k-¢ RNG model [11] tries to address this
issue by utilising statistical analysis to describe the set of turbulent length scales. Although these
models regard turbulence as being isotropic in nature, in rotational flow, such as found in turbine
wakes, the turbulent eddies are likely anisotropic. In this work the focus on performance of
turbine rotors, rather than flow structures of the highly turbulent near wake region immediately
downstream of the device, justifies the use of the k-¢ RNG model.

In this model two equations are solved; k represents the energy contained within the turbulent
fluctuations, and e represents the dissipation rate of this energy. The equations for the transport
of these variables are similar in form to the momentum equations:

V- (pik) = - ([ + 5—2]%) + G — pe (11)
V- (pie) = V- [+ %]Ve) + CrouGry - C2E(W> (12)

where:

= f% (13)
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Figure 3: BEMT analytical mean wake velocity in the far wake region behind horizontal axis tidal
turbines for turbulence intensities of 3% (top) and 7% (bottom).

These equations are used to calculate a turbulent viscosity:

B pC k2

: (14)

Mt
In Equations 11, 12, and 14; oy, o, Cie, Co, Cy, B, and 1y are taken to be constants, and
G represents the turbulent generation rate. The viscosity components of the k& and € equation
diffusion terms, are effectively the sum of the laminar and turbulent viscosities.

3.2 The BEM-CFD Method

Fluid flowing over the surface of a body has a force exerted on it. Of interest, when describing
hydrofoils, are the lift and drag components of this force, see Figure 1. Lift is defined as a
force perpendicular to the free stream flow direction. Drag is defined as being parallel to, and
opposing, the free stream flow direction. These hydrodynamic forces can be described by the

following equations:
Fr, = 0.5p0AC], (15)

Fp = 0.5p? ACp (16)

where F7, is lift force, and Fp is drag force, p is fluid density, ¢ is velocity, A is area, C, is the
coefficient of lift, and Cp is the coefficient of drag. The coefficients of lift and drag are dependant
on the angle of attack, a, the geometric properties of the hydrofoil, and the Reynolds Number.
Data for a wide range of profiles is available from a number of sources including [12]. The chord
and twist geometric properties, in combination with the profile C7;, and Cp characteristics, are
a function of the overall rotor design/performance requirements.

The influence of a tidal turbine with multiple hydrofoils (or blades) is averaged over a rota-
tional interval, i.e. the rotor applies the same force to all locations at the same radial distance
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Figure 4: BEMT analytical turbulence intensity in the far wake region behind an horizontal axis tidal
turbine for turbulence intensities of 3% (top) and 7% (bottom).

from the rotor centre on a given axial plane. The magnitude of these forces are a function of
the hydrofoil geometry, its hydrodynamic properties, the quantity of hydrofoils, and their speed
relative to the flow.

The BEM-CFD model is formulated such that the relevant characteristics of the hydrofoil are
introduced through additional source terms appended to the momentum equation, see Section
3.1. Figure 1 shows how a turbine with three hydrofoils is discretised for use with the blade
element method. The hydrofoil properties are determined at radius r;, and then averaged over
27 radians. This process is repeated for each hydrofoil element over the interval [rg, rmas]. For
a detailed examination and validation of this approach, including tip loss correction, the reader
is referred to [1].

4 Model Setup

The model described in Section 3.2 is implemented in OpenFOAM [9]. In this section is
described the model setup including; mesh configuration, boundary conditions, and initial con-
ditions, with respect to the OpenFoam Toolbox.

4.1 Case Studies

Investigations by [13, 14] evaluate horizontal axis tidal turbine performance, while studies by
[15, 16, 17, 18, 19, 20] validate analytical or numerical models with experimental results. The
work by [3] and [21] is of particular interest for the validation of this work. In this research the
experimental work of [3] and [21] for a single and dual tidal turbines are compared with BEMT
and BEM-CFD. The case studies are set such that the geometry of the turbines, and the domain
extents, match that of the experimental studies.

In support of this study two turbulence cases are examined. Turbulence intensity (TI) is set
at the inlets and allowed to dissipate to meet the required quantity at the centre rotor. The
target T for the two cases is 3% and 7% at the rotor. This required a TI setting of 5% and
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Figure 5: Top images are of velocity magnitude , while the bottom images are of turbulence intensity
at 3%. The left images are of the single rotor case, and the right images are of the dual rotor case. All
plots are taken in the horizontal plane at hub height, and the axis units are in diameters.

8% respectively to be set at the inlet. A matrix of full TSR sweeps [1...7] is run for each of the
turbulence and single/dual rotor cases. The front rotor for all 8 diameter spaced dual rotor cases
is held at TSR4. A single run of TSR3.67 front and rear rotor is also run for each turbulence
case at 4 diameter spacing.

4.2 Mesh Configuration

Using the blockMesh utility, the mesh domain is configured as a hexahedron with bounding
points [-9, -2, -1] to [9, 2, 1] which captures the domain extents of 18m x 4m x 2m in x, y, and
z [3]. The domain is then subdivided in by [150, 40, 20]. Simple grading is used to refine the
mesh to 0.2m at the left, right, and bottom boundaries, see Figure 2.

Refinement of the mesh around the turbines and wake region is achieved using the snappy-
HexMesh utility. The wake region is defined as a cylinder 0.7m radius, extending from 0.7m in
front of the rotor to the end of the domain. The refinement level in this region is specified as
level 2. The rotor assemblies are set with a refinement level of 3, see Figure 2.

Three arrangements of mesh are generated for this study. One has a single turbine at [0,0,0],
one has 2 turbines where the second is set at 4 diameters (2.8m) downstream, and one has 2
turbines where the second is set at 8 diameters (5.6m) downstream. The boundary layer height
at the turbine geometry is set to 0.2m, providing a cell centre height (0.1m) which achieves a
y+ of =~ 150.

4.3 Initial and Boundary Conditions

The initial conditions (and inlet condition) for velocity is set to 0.8m/s. Fixed value of 0.0m/s
are set at the boundaries except the top and outlet, which are set to slip and zero gradient
respectively. Kinetic energy and dissipation rate are set similarly and use wall functions to
compute the boundary layer. The kinetic energy initial condition and inlet is set to 0.0024m?2.s~2
(for the 3% TI case) and 0.0061m?.s=2 (for the 7% TI case), while the dissipation rate initial
condition and inlet is set to 0.000252m?2.s~3 for both cases.
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Figure 6: Top images are of velocity magnitude , while the bottom images are of turbulence intensity
at 7%. The left images are of the single rotor case, and the right images are of the dual rotor case. All
plots are taken in the horizontal plane at hub height, and the axis units are in diameters.

5 RESULTS
5.1 Analytical Wake Field Expression

The algorithms presented in Section 2 are utilised to calculate the mean flow field and turbu-
lence levels behind horizontal axis tidal turbines operating in flows with ambient flow speeds of
0.8 m/s and turbulence intensity values of 3% and 7% (Figures 3 and 4). For these calculations
a turbine thrust coefficient of 0.8 is assumed. This fits well with the BEM-CFD results, which
show a thrust coefficient of 0.74 at a tip speed ratio (TSR) of 4 at the centre turbine. Since these
equations model the far-wake field which typically starts around five diameters downstream only
distances beyond this are shown. These figures show that for both turbulence intensities, the
wake deficit persists much further downstream than the increased turbulence intensity values in
the wake field. Figure 3 shows that the velocity in the far wake is lower and persists longer for
lower turbulence intensities. It also shows that the wake field is narrower for lower turbulence
intensities. Figure 4 suggests that at 5 diameters downstream the turbulence intensity values
are actually greater for lower ambient turbulence intensities. It also suggests that turbulence
intensity values nearly reach their ambient values at 13 diameters downstream for both of the
evaluated ambient turbulence intensities. The power produced at eight diameter downstream is
39% of upstream power for experimental case [21], whereas the corresponding value for BEM-
CFD model that allows TI dissipation is 37% and the analytic wake model is 46%.

5.2 BEM-CFD

The results for all cases converged with a residual less than 0.001. Convergence was achieved
between approximately 300 and 1000 iterations depending on the case. All cases are decomposed
into eight threads for processing, and total time to convergence ranged between approximately
300 to 900 seconds.

Figure 5 shows velocity magnitude and turbulence intensity plots at 0.8m/s inlet velocity,
and 3% turbulence intensity measured at the centre rotor. The two cases shown in Figure 5
are single rotor running with a TSR of 3.67, and the dual rotor case where the centre rotor is
set at a TSR of 4, and a rear rotor (8 diameters downstream) is set to a TSR of 3.67. It can
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Figure 7: This graphic shows plots of the centre rotor and the 8D’ rear rotor (with the centre rotor held
to a TSR of 4) for a range of tip speed ratios (TSR). Both experimental results from [21], and BEM-CFD
results are shown in this visualisation.

be observed that the velocity deficit behind the centre rotor is greater when the rear rotor is
placed downstream. This phenomena is also observed in the TI plots. The single rotor plots
compare favourably with the equivalent velocity and turbulence plots from [3], including the
asymmetry of the wake caused by the interaction of the tower assembly with the wake rotation.
This observation is not made in [1] as the assembly structure is not modelled.

Figure 6 shows the same case as in Figure 5, with the turbulence increased to achieve 7% at
the centre rotor. The same trends can be observed for T1 set to 7% as described for T1 set to 3%.
The notable differences include; a shorter wake recovery distance, and a movement upstream of
the turbulence pooling in the centre of the wake. This improved wake recovery has a knock on
effect on the downstream performance of the rotor.

The rotor performances shown in Figure 7 demonstrate the single rotor performance (Cp)
compared to TSR and dual rotor performance (Cp of the downstream rotor) for the two tur-
bulence cases. The upstream rotor is held at a TSR of 4. It is observed there’s a significant
increase in downstream turbine performance at higher turbulence levels. This corresponds well
with the trends observed in [21] when moving from 3% to 15% TI. It is noted that in [3] there
is a small drop in performance when comparing the 3% case with the 15% case at the centre
rotor, however, this is not observed in our results for the centre turbine when comparing 3% to
7% TL

6 CONCLUSIONS

The BEM-CFD TSR sweep results (Figure 7) show good correlation with the experiments in
[3] and [21]. The velocity and turbulence profiles in Figure 5 show similarly good correlation,
which gives us confidence in the higher turbulence (T = 7%) results shown in Figure 6. The
results from the analytical wake field expressions show similar correlation (Figures 3 and 4) with
the experimental results, and the BEM-CFD plots in 5 and 6.

From the results it can be seen that as free stream turbulence increases, the distance at which

797



1. Masters, M. Edmunds, A. J. Williams, P. Pyakurel and J. H. VanZwieten

the wake recovers to free stream velocity significantly reduces. This result is expected, however
of note is that both models capture this with a useful level of accuracy. The CFD model provides
a more asymmetric distribution of the velocity and turbulence fields, this is due to simulating
the tower structure within the CFD domain. Another effect of this is the ’pooling’ of higher
turbulence at the 6 diameter downstream location (see Figures 5 and 6). This accumulation is
the result of the tower drag wake mixing with the rotating turbine wake.

There is no drop in performance (although expected) at the front turbine when turbulence
increases. This is likely due to the lift and drag curves not reflecting a change in characteristics
as turbulence increases. This could also explain a small error in the rear turbine performance
profile (Figure 7).

The BEMT analytical wake expression model provides a symmetric wake profile; the tower
structure is not modelled in this type of simulation. The wake recovery and profile are consistent
with experiment and BEM-CFD, demonstrating the effectiveness of this approach, and the future
potential of computationally efficient turbine array prediction.
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