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FIGURE 1. Interaction of the various scales of turbine model within the
WG3 of the PerAWAT project

This report describes the formulation of and results obtained from an actuator disk
model of a tidal turbine. The presented work falls into the first category of farm scaled
models, namely blade modelled/turbine resolved three dimensional Reynolds averaged
Navier-Stokes (RANS) simulations. Output from these models will be used for the
development of shallow water equation models of turbines which are to be incorporated
into basin scale models in WG2 WP3. The advantages of using a model of this type in
a RANS simulation is that the time-to solution is much faster than for blade-resolved
models allowing small arrays of turbines to be modelled.
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4 EXECUTIVE SUMMARY

In addition to describing the formulation of the model it has been applied to the simu-
lation of three test cases. The first case is for a single three bladed horizontal axis tidal
turbine in a flume. This test case is based on the experiments performed in the EDF
flume in Chattou which have previously been modelled by the University of Oxford.
Comparisons to the predicted thrust and power coefficient distributions as functions of
tip-speed ratio are made with these results and with the results from the EDF exper-
iments. The coefficients used for the actuator disk model are drawn from information
derived from blade resolved simulations performed in Edinburgh (in WP5) and from
lift /drag data from Garad-Hassan’s Tidal-Bladed programme.

The second and third cases model experiments performed on arrays of turbines by
Manchester University. In these simulations the centre rows of a very wide array are
modelled and the two cases considered represent rotors in series (i.e. directly downstream
of each other) and in a staggered grid. Comparisons of predicted thrust and power co-
efficient distributions as functions of tip-speed ratio are made against data from the
Manchester tests.

Finally, following diskussions at sub-project technical meetings, a depth averaging anal-
ysis has been performed on the results obtained from the simulations. By presenting
the velocity and turbulence information in this way models of turbine for shallow water
simulations can be checked and calibrated, providing for the first time, detailed infor-
mation for this purpose. The depth averaging analysis of the three dimensional RANS
results is only possible because of recent advances in flow visualisation tools which allow
statistical information, including mean values, to be derived from fully three dimensional
data.

The work presented in D5a concentrates on steady-state cases where the mean upstream
turbulent flow onto the turbine (or array) is of constant and uniform velocity. The
subsequent deliverable D5b will examine unsteady flow. It is important to note that the
blade element momentum (BEM) model used to model the rotor makes an assumption
of steady flow onto the rotor disk. In the unsteady simulations this assumption will be
violated, but such a violation is acceptable provided that the time scales inherent in the
unsteady flow are slower than that associated with the blade passing frequency of the
turbine.

Deliverable D5a comprises:
(1) input files for chosen configurations (on the accompanying CD)

(2) report on the implementation of the parametric model and the simulation of the
selected farm layouts, and an assessment of the models ability to characterise
the farm, under steady turbulent flow conditions (this report).

(3) report on the structure of the parametric description of the wake of an array of
horizontal axis turbines (to be provided to WG3 WP3 D3 and WG3 WP6 D5)
for steady turbulent flow (see the depth averaged analysis presented in chapter
3).

The acceptance criteria for this report are:
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(1) Code_Saturne input and output files for the selected configurations.

These are on the accompanying CD, the file structure on the CD is described
in Appendiz B and also in the README file on the CD’s top level directory.

(2) Report describes the following (for steady turbulent flow conditions)

(a) Describe chosen farm configurations

The chosen farm configurations are diskussed in the results chapter in §3.1
for the single turbine case, §3.2 for two rows of turbines in series, and §3.3
for two rows of turbines in a staggered arrangement.

(b) assumptions and algorithms behind the model; guidance on interpretation
of results including assessment of farm performance; interpretation and
diskussion of results; diskussion of applications and limitations.

The actuator disk model is described in detail in chapter 1, this chapter also
includes details of the implementation of the model within Code_saturne
and details of the models limitations

(3) The basic structure of the parametric description of the wake of an array of
horizontal axis will be defined (i.e. number and identification of key parameters,
and the relationships between them).

The approach taken to parameterise the wake for use in shallow water models
is described in chapter 2. A detailed tabular presentation of the depth averaged
results, together with summary psudo-colour mosaic plots, are presented in §3.1
for the single turbine case, §3.2 for two rows of turbines in series, and §3.3 for
two rows of turbines in a staggered arrangement.






CHAPTER 1

Actuator disk models

Actuator disk models make it possible to simulate the effects of a rotor within a three
dimensional Reynols averaged Navier-Stokes simulation without the need to resolve the
individual blades of the rotor. As such the actuator disk models are much more com-
putationally efficient than blade resolved models, requiring an order of magnitude less
mesh points. The actuator disk region is a part of the computational domain where the
presence of the rotor is accounted for by adding momentum to (in the case of a fan) or
removing momentum from (in the case of a turbine) the fluid explicitly using a source
term. Actuator disk models can be used when we have information about how the rotor
behaves on its own and we want to know how it affects its surroundings. These models
have been widely applied to wind turbines (e.g. Mikkelsen [2003]). They are based on
an extension of the Froude momentum theory and can be applied to a range of problems
where a sudden discontinuities in flow properties occurs [Horlock, 1978].

The actuator disk model approximates the forces the turbine device applies to the flow,
by spreading the rotor blade forces over the swept disk volume with the same diame-
ter as that of the rotor in question. The solution to the flow problem is captured in a
Reynolds Averaged Navier-Stokes (RANS) equation as a contributing source term .S;.
The RANS equations are time-averaged equations of motion for fluid flow, which used
together with approximations based on knowledge of the properties of flow turbulence,
give approximate time-averaged solutions to the NavierStokes equations. For a station-
ary, incompressible Newtonian fluid, these equations can be written in Einstein notation
as:

T AN Ry dui | 0uj\ —7| | <
(1) pu]@mj =pfi+ oz, [ poij + 1 (&rj + agj) P“z‘ug} + 5

where u; and u; are the time averaged velocity components in the z; and x; coordi-
nate directions, p is the time averaged pressure, p is the constant fluid density, J;; is
the Kronecker delta function, S; is the time averaged value of the source term due to
the forces experienced on a fluid element within the actuator disk (see figure 1) and
m is the time average of the fluctuating (turbulent) momentum. This last term
cannot be determined analytically and must be modelled using an empirical turbulence
model.
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FIGURE 1. Details of the actuator disk model involving (a) a view of a
Blade Element at r from the rotating blades and its equivalent effect (b)
seen as a RANS source term S; at r and 6.

The source term S; is derived from considering the forces experienced on a fluid element
within the actuator disk, see figure 1. The source term is defined as:

dF;

Veel”

(2) S; =

where V_¢y is the volume of the particular finite volume in the disc region, at a radial
position r and an azimuthal coordinate 6.
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The force dFj is derived using blade element momentum theory [Hansen, 2001]. Here the
theory is applied to compute the forces on the fluid element arising from an N bladed
tidal turbine, rotating at a speed §2. The rotor plane is split into a number of finite
annuli of width dr, located at a radius, r, with the effects of the N blades smeared
out of the 27 radians of the rotor plane (Figure 1). Writing the blade element forces
dF7, peett = {—dFpsinf,dFy cos§,dF, } in blade fixed coordinates at r, (Figurel(b)) leads
to

(3) dF'[, peetl = %,
where 0 A is the frontal area of the disc element and f7, p is instantaneous sectional rotor
forces due to local lift dL and drag dD of each blade of the N rotating blades of the
rotor. The sectional rotor force fr, p is derived from the two dimensional o vs Cr,/Cp
tables for the particular airfoil blade section design involved in the blade design at radial
position 7. If we considered the fact that fr p = f(dFy,dF;), then for dFy and dF, we
get

(4) dFy = 0.5pcW?2

e

F(Cpsing — Cp cos @)
(5) dF, = 0.5pcW?2,F(Cr, cos ¢ + Cp sin ¢)

where Wi, ¢, p and F' are the blade element relative flow velocity, local blade chord,
density p and Prandtl tip loss factor[Prandtl and Betz, 1927]. This expressed mathe-
matically as

2 N(R—-r)
(6) F = — arccos exp(—m

)

where R is the tip radius of the rotor.The blade element flow velocity W, is the flow
velocity experienced by each sweeping blade in the plane of the disc and can be accounted
for by the simple flow analysis shown in figurel(a), involving u,, Qr and ug. Where uy
is the circumferential velocity at r and 6 which is simply

(7) up = —Uug sinf + u,, cos

As the model proceeds the values of u, and ug, provided by the solution of the Navier
Stokes equation(1), will change for a given free stream velocity Uy and rotor rotational
speed 2 until the flow field has converged to steady state condition. The angle of attack,
«, of the blade elements will also change during flow calculation, since & = ¢ — 9. This
is found using the given blade element blade twist angle, ¢, and the calculated local
blade element flow angle ¢ (Figurel(a)). This dependency also means that the forces on
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the rotor change as the solution converges, since both the coefficients of lift and drag,
(Cr and Cp) also depend on the local angle of attack, «.

In setting up the Code_Saturne simulations for all the cases presented in this report
employed, the usinv.£90, ustsns.f90 user subroutines must be modified to incorporate
the actuator disk model. The Code_Saturne user manual [EDF, 2012] details of the
procedure for implementing both explicit and implicit source terms for the uz, u, and
u, momentum equations. The implicit and explicit components of the source term are
linearised by using a first-order Taylor expansion. Considering (1):

Ou;
(8) patl+...:...+f(ui).
The source f(u;) can be expressed as non-linear source term of the form f(u;) = —K,u?.

Note K; is effectively a force resistance coefficient equivalent to

(dFL,Dcell)i
VeetW?,

9) K;

With reference to (3) for the terms employed in (9). As a result the source term f(u;)
must decompose into an implicit crvimp; part and an explicit crvexp; part in accordance
with Code_Saturne finite volume solver [EDF, 2012] such that

(10) crvimp; = Vcellj—j: (ul(n)> , and
(11) crvexp; = Ve [f (ugn)) - CZ{ (uz(n)> ugn)} .

Applying each of these decompositions to the three, u;, u, and u., momentum equations
we obtain:

(12) crvimp, = 2K, (Qr + up)siné
crvexp, = —K, (erl + 2(Qr + ug)uy sin 9)
(13) crvimpy, = —2K,(Qr + ug)cosb
crvexpy, = —Ky (W2, — 2(Qr + ug)uy cos )
and
(14) crvimp, = —2K,u,
crvezp, = Ky (u2— (Qr+ug)?) -

Furthermore, it is necessary that the computation grid used resolves the rotor plane with
sufficient fidelity that the actuator disk model influences the overall flow field. The best
results are obtained when nacelle of the turbine (and possibly the supporting structure)
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are gridded as solid volumes within the computational grid. Chapter 3 discusses the
computational setup for both the single and multi-array turbine models.

1. Implementation

This model is implemented in the ustsns.£90 and usinv.£90 user routines to enable the
solver to efectively model the flow around the actuator disk. Full listings of the Fortran-
90 code for both of the user routines (for the two turbines in series case) are presented in
appendices C and D. The usinv.f90 subroutines are called when the solver first starts
up and are used to initialise the actuator disk model. usinv.f90 reads blade.txt, a
data file which describes the blade section of the rotor.

The following data is taken from the blade.txt file for the case with two turbines in
series.

.001 38.3667 0.015 1.0 Circle Circle
.015 38.3667 0.015 1.0 Circle Circle
.0325 22.8758 0.02 0.04 Goe804 Goe804
.045 16.0 0.03 0.04 Goe804 GoeB804

.059 11.3441 0.0275 0.04 Goe804 Goe804
.0725 8.96169 0.025 0.04 Goe804 Goe804
.085 7.4854 0.022326 0.04 Goe804 Goe804
.099 5.77244 0.019486 0.04 Goe804 Goe804
.1125 4.12977 0.0175 0.04 Goe804 Goe804
.125 3.08001 0.015454 0.04 Goe804 Goe804
.135 2.57973 0.013 0.04 Goe804 Goe804
-1-1-1-1-1-1

O OO OO OO OO OO0

Each line of the file describes a particular slice through the rotor: The first column of the
data file contains the radial ordinate of the section (in meters), the second contains the
twist angle (in degrees), the third the chord length (in meters), the fourth the relative
thickness and the final two columns contain the

file names of the tables containing the lift and drag data. The last row of the input file
is indicated by the entry of -1 in each column.

When information is needed for a radial station not found in the file, the information
needed to compute the forces on the actuator disk element are found by interpolating
between the two nearest radial stations.

The lift /drag data files follow a similar format, for example the Circle.txt contains:

-90 0.0 3.00E-01
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14 0.0 3.00E-01
16 0.0 3.00E-01
18 0.0 3.00E-01

180 0.0 3.00E-01
-999 -999 -999

In this file each line contains an angle of attack (in degrees) followed by the lift and
drag coefficients. The file is terminated by the entry of -999 in each column. As with
the blade.txt data, if an angle of attack is needed which is not explicitly given in the
file the required lift and drag values are interpolated from the nearest entries in the
table.



CHAPTER 2

Depth averaged analysis

1. Shallow water equations

Shallow water flow codes, like those in the TELEMAC suite [Moulinec et al., 2011], are
based on a depth-averaged model of the fluid equations. This approach is taken to reduce
the computational costs associated with flow simulations over large geographic areas, as
even with modern high performance computers it is inconceivable that basin scale three
dimensional Reynolds averaged Navier-Stokes models could be applied to engineering
applications.

The depth-averaged two-dimensional flow equations (the so-called shallow water equa-
tions) are obtained, as the name suggests, by averaging the Reynolds equations over the
depth. The following conditions have to be met in order for the shallow water equations
to be applicable:

e vertical momentum exchange is negligible and the vertical velocity component
w is a lot smaller than the horizontal components v and v, i.e.

w <<y and w << v.

e the pressure gain is linear with the depth (i.e. there is a hydrostatic pressure
distribution), i.e.

pRpg=.

For simplicity of exposition we will consider the one-dimensional form of the shallow
water equations (some times called the St. Vennant equations):

(15) % <¢¢U) * % <¢u2T§¢2> N <9(50 _%f) - T)

where ¢ = gh is the geopotential, u is the velocity, Sg is the slope of the channel, Sy
is the Chezy friction term, and 7" is the momentum sink associated with the presence
of a turbine. The equations can be simplified even further by writing them in their
homogeneous form;

0 (¢ 0 Pu B
(16) 5 () 4 e (etsge) =0

The first equation conserves energy, measured in terms of the local head of water, pgh
and the second equation conserved momentum, pghu. Since these equations have been

13



14 2. DEPTH AVERAGED ANALYSIS

obtained by averaging the Navier-Stokes equations over the water column, the velocity,
u, should properly be written as
1 0
U= - u(z)dz,
RO

where h is the, local, water depth. Giving,

o (6N, 0 ( eu \_
(17) ot (dm) " 9 (W L ;¢2> =0

Although it is unlikely that these conditions hold in the neighbourhood of a tidal turbine
it has been found that the shallow water equations can give acceptable solutions for other
problems which violate the assumptions (for example wave overtopping of breakwaters,
see Richardson et al. [2002, 2003]) and they can also provide useful engineering design
information. Furthermore the time-to-solution for models based on the shallow wa-
ter equation is several orders of magnitude faster than three-dimensional Navier-Stokes
simulations with free surfaces [Ingram et al., 2005].

Shallow water models for tidal current interactions can prove highly effective for domains
in which the lateral dimensions greatly exceed the vertical [Bryden et al., 2007] where
they represent solutions of a simplified form of the Navier-Stokes equations. In many
locations, there is unlikely to be sufficient boundary condition information to justify a
full 3D analysis, even if such an approach were practical computationally. Modellers
generally have to be content with a combination of outputs from acoustic depth profilers
and, in the best described environments, with surface radar measurements. Regrettably,
depth profilers do not give comprehensive area information and are limited in the accu-
racy of their output as a result of spatial uncertainty, while radar gives no indication of
conditions below the surface. Neither profilers nor surface radar, even in combination,
will give a comprehensive boundary description.

Shallow water models can be extended using a multi-layer interpretation, when there
is a need to consider issues associated with depth velocity profiles in the absence of
significant upwelling. In such cases, it becomes inappropriate to simply represent the
energy extraction process through an artificial increase in the bed friction over a defined
area of the sea bed. However, the actuator disk approach remains applicable.

In the following section a method for depth averaging three dimensional, Reynolds av-
eraged, Navier-Stokes simulation results is described. This approach was diskussed in
a technical meeting of WG3 at Chattou in Paris and it was agreed that the results
would be post-processed to produced depth averaged output which could be used for
the development of boundary conditions and actuator disk models for shallow water
solvers. Data presented in this way can also be used for direct validation of shallow
water simulations.

1.1. Depth averaging. In designing source terms to model tidal turbines in shal-
low water flows, based on either three-dimensional Navier-Stokes simulations or on ex-
perimental data, it is thus necessary to examine the depth averaged quantities such as:
the velocity components w, U; the depth averaged total pressure (which can be equated
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Qk

FIGURE 1. Volume weighted averaging inclusion condition for two com-
putation cells (j = 1 and j = 2). Cell j = 1 is not included in the volume
weighted average for bin k computed using equation (18), while cell j = 2
is.

to total head), P; and, depth averaged measures of turbulence, k. Fortunately modern
scientific visualisation and analysis tools now include routines for performing statistical
analysis on three dimensional data from simulations and experiments.

In the present analysis the methodology described by Joy et al. [2007] has been applied,
using the Vislt flow analysis tool [Childs et al., 2005]. In this approach the stream-wise
and cross-flow directions are divided into a number of discrete bins over the domain
of interest (Figure 3). The flow variable under consideration is then averaged for all
computational cells contained within the bin using a volume weighted average, i.e.

1

(18) T

Z’qu]' V7 st Qj € Qg
J

where €; is the j* control volume and €, is the diskrete bin. Figure 1 illustrates the
selection criteria for including computation cells in the volume weighted average for a
given bin.

Figures 2 and 3 show the three dimensional velocity magnitude field and the binned
depth averaged data from one of the simulations of the single turbine tested in the EDF
flume. In this case results are presented for a tip-speed ratio of 4.0, a more detailed
depth averaged analysis is presented later. Figure 3 is a mosaic plot where each of the
discrete bins is coloured using a psudo-colour to represent the exact value of the depth
averaged velocity magnitude. In each of the mosaic plots presented in this report the
bin colour is found by linear interpolation of the hue from 240° (blue) to 0° (red) using
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TABLE 1. Depth averaged velocity magnitude data for the single turbine
tested in the EDF fume at a TSR of 4.0, using 9 stream wise bins and
21 cross flow bins. The value for the cell containing the turbine has been
underlined and only the right hand half of the flow domain is show.

stream wise direction —
0.2420 0.2441 0.2432 0.2422 0.2415 0.2415 0.2415 0.2415 0.2415
0.2579 0.2584 0.2576 0.2579 0.2575 0.2574 0.2574 0.2574 0.2574
0.2596 0.2599 0.2587 0.2586 0.2581 0.2581 0.2580 0.2580 0.2580
0.2613 0.2617 0.2603 0.2601 0.2596 0.2596 0.2596 0.2595 0.2595
0.2682 0.2714 0.2689 0.2674 0.2670 0.2669 0.2669 0.2669 0.2669
0.2641 0.2674 0.2633 0.2630 0.2627 0.2627 0.2626 0.2626 0.2626
0.2679 0.2707 0.2685 0.2677 0.2678 0.2678 0.2678 0.2678 0.2678
0.2659 0.2657 0.2666 0.2657 0.2660 0.2661 0.2661 0.2661 0.2661
0.2700 0.2704 0.2717 0.2705 0.2712 0.2714 0.2714 0.2714 0.2714
0.2659 0.2671 0.2660 0.2669 0.2691 0.2692 0.2692 0.2692 0.2692

the HSV colour model [Foley and Van Dam, 1982]. The hue of the cell is

240
Hcell = Ucell———»
min — Umax

while the saturation and value of the cell are both set to 1. Plots of this kind are
widely used for the representation of discrete data and are closely related to the psudo-
colour plots used to present the three dimensional results in this report and to the
voxel techniques used in medical imaging [Foley and Van Dam, 1982; Halse et al., 1991;
Thaka and Gentleman, 1996; Larkin, 1992]. They are implemented in statistical packages
such as R [Crawley, 2007] and in CFD visualisation tools such as VisIt [Childs et al.,
2005].

The bins need to be sufficiently large to contain a number of cells, but since the grids
associated with basin scale shallow water simulations will be much coarser than those
used in the high-resolution three dimensional simulations this is not an issue. If the
bins are too small then larger computational grid cells will not be contained entirely
within them, and therefore not included in the volume weighted average, leading to
missing values. In cases where the flow field is expected to by symmetric in the cross-
flow direction (for example with single turbines and turbines in series) it is important
that there is an odd number of bins in that direction.

Binned data can be plotted (Fig 3) or exported in tabular form (Table 1). Once the
depth averaged fields have been computed depth-averaged velocity distributions down
stream of the array can be extracted and plotted if required. For coarser grain shallow
water models the depth averaged quantities in the table can be aggregated to estimate
source terms and provided validation data.

Appendix A contains instructions for the production of depth averaged data using the
VisIt program.
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FIGURE 2. Velocity magnitude mosaic plot showing a section through
the model single turbine tested in the EDF flume

-0.5 0.0 0.5 1.0 1.5 2.0 2.5

FIGURE 3. Velocity magnitude mosaic plot showing depth averaged anal-
ysis for the single turbine tested in the EDF, uses 9 stream wise bins and
21 cross flow bins. The centre of the turbine face is located at (0.0, 0.0)






CHAPTER 3

Results

With all of the cases presented in this report, there are two steps in setting up an actu-
ator disk simulation. Firstly a computational grid must be generated which sufficiently
resolves the regions of the flow domain containing the actuator disk(s), and, secondly the
user modules usinv.f90, and ustsns.f90 must be modified to specify the source terms
associated with each disk (see appendices C and D). In all cases the mesh was generated
using ANSYS’s ICEMCFD meshing software with unstructured hexahedral grids. Each of
the actuator disk regions is gridded as a thin cylindrical area of mesh and in all cases
the nacelle of the turbine is exactly represented as a solid void within the computational
domain. In each case a multi-block approach was used to generate the grid with an
appropriate blocking strategy being selected. This strategy differed only slightly for the
single and multiple turbine models, in that in the areas where the turbines exist the
meshing density was increased to adequately resolve each turbine. One other important
difference between the single and multiple turbine cases is that in the single case the
nacelle support was modelled, whereas in the multi-turbine models only the nacelles
are represented. The generated grids were exported in .cgns format for import into
Code_Saturne.

1. Single turbine flume test

To demonstrate the actuator-disk model described in chapter 1 comparisons have been
made with test conducted on a model scale turbine installed in the EDF flume in Chat-
tou. In these computations the nacelle and its support have been modelled explicitly as
solid boundaries within the grid while the rotor has been modelled as an actuator disk.
Simulations have been performed at tip speed ratios of v = 4.0 and v = 4.5 based on
the undisturbed free stream flow.

1.1. Computational set-up. Figure 1 shows the meshing strategy employed in
ICEM in the neighbourhood of the turbine. A cylindrical O-grid which extends throughout
the entire computational domain has been used to discretise the rotor plane, this O-
grid has 15 cells in the radial direction and 60 cells in the circumferential direction.
Mesh stretching has been used to refine the grid at the edge of the rotor so the shear
between the free stream flow and the fluid which has passed through the actuator disk
is sufficiently resolved. Both the nacelle and its support have been included in the
computation. In meshing the nacelle a 6 x 6 H-grid region has been used at the centre
of the O-grid, though this does not form part of the actuator disk. The computational
domain extends from 30 diameters downstream of the turbine to 10 diameters upstream.

19
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FIGURE 1. Detail from the ICEM mesh generator showing the cross-
sectional grid (blue), the solid volumes for the nacelle and it’s support
(yellow) and the refined mesh region in the neighbourhood of the actuator
disk.

The rotor has a diameter of 0.6m and the centre of the turbine rotor plane is defined as
the origin for the computation. The flume is 1.5m wide and 0.8m deep with the rotor
located on the centre line at midwater.

It is important to note that the support pylon has been modelled using its correct physical
dimensions and this leads to an over prediction of Cp in k — w turbulence models. The
support pylon was included in this case to allow comparison both with the experimental
studies performed by EDF in the Chattou file and with simulations performed by the
University of Oxford — the issue of tower scaling was raised by the Oxford at the technical
meeting in July, but a decision not to re-grid and re-compute was taken as the source of
the variation could be explained.

The mesh shown in figure 1 gives details of the nacelle and tower environment as light
brown mesh surface cells covering these parts, while the actuator disk cells illuminated in
figure 3 indicate how thin the disk region is in relation to the solid nacelle and tower areas.
The recommendation by iHarrison et al. [2010] is to keep the actuator disc thickness to
0.01 times its diameter. Figure 3 shows how thin the actuator disk (identified by the
red bounding box) is in relation to the rest of the computational domain.



1. SINGLE TURBINE FLUME TEST

TABLE 1. Blade geometry for the three bladed horizontal axis tidal tur-
bine tested in the EDF flume.

Radial Twist Chord Thickness Section

ordinate angle length type
0.040 32.0 0.0203 100% Circle
0.060 31.0 0.0204 15% 4415
0.065 30.1 0.0261 15% 4415
0.070 29.2 0.0318 15% 4415
0.075 28.3 0.0375 15% 4415
0.080 27.5 0.0433 15% 4415
0.084 26.6 0.0490 15% 4415
0.089 25.8 0.0548 15% 4415
0.094 25.0 0.0605 15% 4415
0.099 24.2  0.0663 15% 4415
0.104 23.4 0.0721 15% 4415
0.109 22.6 0.0779 15% 4415
0.114 21.8 0.0837 15% 4415
0.119 21.1 0.0895 15% 4415
0.124 20.4 0.0953 15% 4415
0.129 19.7 0.0939 15% 4415
0.133 19.0 0.0921 15% 4415
0.138 18.3 0.0904 15% 4415
0.143 17.6  0.0886 15% 4415
0.148 17.0 0.0868 15% 4415
0.153 16.4 0.0851 15% 4415
0.158 15.8 0.0833 15% 4415
0.163 15.2 0.0816 15% 4415
0.168 14.6  0.0798 15% 4415
0.173 14.0 0.0781 15% 4415
0.178 13.5 0.0763 15% 4415
0.182 13.0 0.0746 15% 4415
0.187 12.4 0.0728 15% 4415
0.192 12.0 0.0711 15% 4415
0.197 11.5 0.0693 15% 4415
0.202 11.0 0.0676 15% 4415
0.207 10.6 0.0658 15% 4415
0.212 10.1 0.0641 15% 4415
0.217 9.7 0.0623 15% 4415
0.222 9.3 0.0606 15% 4415
0.227 8.9 0.0589 15% 4415
0.231 8.6 0.0571 15% 4415
0.236 8.2 0.0554 15% 4415
0.241 7.9 0.0537 15% 4415
0.246 7.6 0.0519 15% 4415
0.251 7.2 0.0502 15% 4415
0.256 7.0 0.0484 15% 4415
0.261 6.7 0.0467 15% 4415
0.266 6.4 0.0450 15% 4415
0.271 6.2 0.0433 15% 4415
0.276 6.0 0.0415 15% 4415
0.280 5.8 0.0398 15% 4415
0.285 5.6 0.0381 15% 4415
0.290 5.4 0.0363 15% 4415

0.295 5.2 0.0346 15% 4415
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FiGUurE 2. Coeffficients of aerodynamic lift, Cr, and drag, Cp, for a
NACA 4415 airfoil.

The blade geometry used in these tests is shown in Table 1. The required tables of for
coefficients of lift, C'r, and drag ,Cp, against angle of attack, «, for the NACA4415 airfoil
were obtained from the University of Oxford are can be found in the file 4415 . txt, the lift
and drag coefficients for the airfoil are plotted in Figure 2. usinv.f90 and ustsns.f90
were modified to create a single actuator disk located on the face of the rotor. The
source code for the user routines, together with the files blade.txt, circle.txt and
4415 .txt are included on the accompanying CD in the Single directory.

For both tip-speed ratios, the left, lower and right walls of the computational domain
were specified as walls (and the zero tangential flow condition imposed), while the top of
the computational domain was set as a symmetry condition (zero normal flow) to mimic
a free surface with minimal deformation. The upstream boundary condition (located
11 diameters upstream of the rotor face) has a uniform velocity with 9.5% turbulence
intensity. The Code_Saturne computations were run using the transient solver with a
reference time step of 0.006 seconds, an adaptive time step was used with a maximum
Courant number of 1:0. Convergence was accelerated by using local time-stepping and
the solution was run for 3000 iterations. Full details of the setup are to be found in the
Code_Saturne setup file, D5_CASE.xml which is to be found on the accompanying CD,
also in the Single directory.

Figure 3 shows the velocity magnitude on the surface of the nacelle, the front face of the
actuator disk and the downstream walls of the domain and also on a section through the
centre plane of the domain, while figure 4 shows the velocity magnitude distribution on
the vertical slice through the centreline of the flume.
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Velocity Magnitude
Q.6

Velocity Magnitude

FIGURE 3. Velocity magnitude for flow passed a single horizontal axis
tidal turbine in the centre of a flume. The top plot shows the mesh on
the surface of the domain coloured by velocity together with psudo-colour
plots of the velocity on the nacelle and the rotor plane (incited in red).
The lower plot shows the velocity distribution through the horizontal mid
water plane.
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FI1GURE 4. Velocity magnitude for flow passed a single horizontal axis
tidal turbine in the centre of a flume. Both plots show psudo-colour plots
of the velocity magnitude on the vertical centre plane of the flume, with
the top plot showing an enlargement of the turbine nacelle and the near
wake region.

1.2. Comparison with experimental data. The single tidal turbine test case
conducted at EDF’s test facility in Chatou, Paris under work package WG4 WP1 D4,
was also simulated by the University of Oxford and has been chosen as a validation case
for the actuator disk model. From the results seen in figure 5 the actuator disk model
involved with Code_Saturne compares well for the uniform flow situation, even though
slight discrepancies occurred, these were due to the short comings of the k—w SST model
in predicting drag on bluff bodies. The use of k — w SST, leads to an over prediction of
Cp and C7p particularly at higher tip-speed ratios. The University of Oxford reported
in the sub-project technical meeting in Chattou (July 2012) that this can be corrected
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FIGURE 5. Comparison of computed thrust, Cr, and power, Cp, coeffi-
cients from the present actuator disk model and computations performed
by the University of Oxford using the commercial CFD code Fluent.

by reducing the diameter of the supporting pylon. Since this change would require
remeshing the computational domain, which would be very time consuming, this has
not be done at the present time. The authors also note that the implantation of the
k —w SST turbulence model for rough surfaces in Code_Saturne is know to be defective
[Nguyen, 2011]L. As a result, in the computations for staggered and sequential arrays
of horizontal axis tidal turbines presented in the following sections of this chapter, the
k — e turbulence model has been employed.

Figures 6 and 7 compare results from the present simulations (using a rigid lid, RANS
simulations with a smooth flume floor and the k£ —w turbulence model), the experiments

1http://code-sa’curne.org/forum/viewtopic.php?f=Q&tt:842&p:4703&hilit:1"0ugh—&—vvall#p4703






































































































































































































































































































