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EXECUTIVE SUMMARY

This document is the second in a series describing progressheithpplication of EdF’s
open-source CFD solve€ode Saturne toward a full marine-current-turbine simulation,
including turbulence and waves, as part of the wider ReDAPT project.

In order to compute flow about a moving rotor in an otherwise statia@tanain it has been
necessary to develop our own sliding-interface method from scratdietafled description
of this interfacing method is given in this report, togetheth wialidation studies for its
implementation inCode_Saturne and an in-house research c&&EAM and guidelines (for
example, maximum timestep and inner-loop convergence criteria) for its use

An idealised geometry has been produced, based on the turbine udeth&®experiments
by Prof. Bahaj’'s group at the University of Southampton. The model ejepmcludes both
rotor and support structure with computational meshes of between 2 aitibd nodes. A
description of this model is given and details of the blockage atmns necessary for
simulating open-water conditions are included for reference.

Reynolds-averaged-Navier-Stokes (RANS) calculations with thedatd k-¢ turbulence
model and large-eddy-simulation (LES) calculations with the Snresyrmodel and a basic
synthetic eddy model (SEM) for inflow turbulence have been undertaicdrara reported
here. Calculations were performed on EdF’s Blue Gene computey 2848 processors and
the University of Manchester’'s Computational Shared Facility (CStR) 266 cores.

A parametric study of the effects of input turbulence and operaoint (tip-speed ratio,
TSR) has been undertaken. Both RANS and LES calculations havepbdermed with
turbulence levels of 0% (nominal), 10% and 20%, with TSR values of 4 s@i@leind 8.
RANS calculations gave good results for mean thrust coefficieniptwuvalues for power
coefficient and tended to diffuse vortex structures in the wak8. dalculations gave slightly
better predictions of power and more information about the wake vsirigstures and the
response of the fluctuating loads to a change in inflow turbulence levels.
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1. INTRODUCTION

1.1 Scope of this Document

This report explains the work undertaken to complete milestone MD1.2; specifically
. Description of a new sliding-mesh interface method and its implementation.
. 3-d simulation of a rotor using the sliding-mesh method (with imposed rotation):
— including blade set, nacelle and support mast;
— based on the geometry of Bahaj et al., (2007a,b);
— RANS turbulence modelling;
— LES turbulence modelling.

1.2 Specific Tasks Associated With This Project

The specific milestones for the CFD work on the ReDAPT projextaa follows. Major
items in this report are underlined.

MD1.1

Ideal turbine geometry.

Imposed rotation of a single cylindrical mesh (Coriolis forces or ALE).
RANS turbulence.

No waves.

Report to identify development necessary for sliding mesh.

MD1.2
(ThisReport)

Ideal turbine geometry.

Rotation via giding mesh (including a description of the method).
RANS and LESturbulence.

No waves.

MD1.3

Real turbine geometry.
Sliding mesh.

RANS turbulence.
Waves.

MD1.4

Real turbine geometry.

Sliding mesh.

LES turbulence.

Waves.

Comparison of loads, velocity and near-wake turbulence with field data.

1.3 Staff on the Project

The research staff employed on this project are a PhD studenégJMcNaughton) and a
post-doctoral research associate (Dr Imran Afgan).

James McNaughton started in September 2009 and has PhD supervisors Dr Davidbsley a

Dr Alistair Revell. Overall responsibility for the Univessibf Manchester’s contribution to
ReDAPT rests with Prof. Peter Stansby. Other Manchestet-Blaachester staff who have
contributed informal assistance in the project include Dr Juan Uldmele Saturne
expertise), Dr Tim Stallard (related PerAWAT project),vi@it Cozzi (moving-mesh/free-
surface methodology), Yacine Addad (preceded Dr Afgan as RA on this project).
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2. SLIDING-MESH INTERFACE METHOD
2.1 Motivation

In order to simulate a rotating marine-current turbine in theycof a solid lower boundary
and wave-affected free surface the basic mesh regions valh Baown in Figure 2.1. These
comprise an inner cylindrical block that rotates with the turlbiaeles and an outer block
that includes the stationary support structure.

wave:
W
rotating —
L~ internal mesh
\\ non-rotating
external mesh

Figure 2.1: mesh regions with a sliding interface.

The arbitrary Lagrangian-Eulerian (ALE) method is used to hariéieniesh movement
within the rotating block. If the free surface is subject teevanotion then the ALE method
can also be used for the vertical stretching of the upper pdré afuter block; otherwise the
outer mesh is stationary.

Between the rotating cylindrical part and the outer mesh theren@n-conforming and
sliding interfaces (on front, back and curved surfaces of the cylinder). Weleasi®ped our
own generic method for handling sliding interfaces. This is describbetkctions 2.2—-2.4
below.

Note that sliding interfaces are not a new CFD challenge uRderstandable commercial
reasons the procedures implemented in commercial codes like Bheb@tarCCM+ are not
fully documented in the open literature. However, some documentatiomilatde for the
interfacing methods employed in other open-source and universityarechseodes.
OpenFOAM'’s general grid interface (GGI, see Beaudoin and JasdR) dvides adjacent
faces into weighting factors and divides the fluxes into neighbgwats. OpenFOAM also
has a patching method (Petit et al., 2009) where meshes on eithaf ghe interface are
joined together at each time-step. The two methods are quitarsimiih the second being
more conservative by formulation, albeit more computationally exyenshe method used
by Blades and Marcum (2007) uses halo cells on either side of #réacat which are
projected a distance based on the host and neighbouring meshes. Thdl maéthoel is
quite common and is also used by Steijl and Barakos (2008) and Fenwick and Allen (2006).
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Our own interface method also uses halo (elsewhere, “ghost”) dathghuethod is slightly

simpler in that only halo nodes (rather than whole cells) are rcotet and they are used
only to assign values on cell faces abutting the interfBegause we have used it in
development and testing we will describe the implementation ohtedace routines in both

our own multi-block-structured-mesh cod&lflREAM (Lien et al., 1996) and EdF’s
unstructured-mes@ode_Saturne (Archambeau, 2004).

2.2 General Outline of Method

A general interface is depicted in Figure 2.2 below. In thie ¢as regions of cells, here
designated L and R, meet at a non-conforming (and generally sliding and coteedre.

L regior interface R regior

Figure 2.2: general non-conforming interface.

The basic idea of the method is to treat the interface ageanal Dirichlet boundary for the
individual region on each side. Linkage between the two regions isvachusing the values
of variables on the boundary cell faces. The process for finding ¢ceédace-centre values
is illustrated in Figure 2.3.

L regior boundar boundar R regior

H

° H
™~ halo node o
boundary node

®T

*0

Figure 2.3: Location of boundary and halo nodes.
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(2) For each cell abutting the boundary locathab node in the opposite region by
extrapolation:
Xy = Xg +(Xg = Xp)
Here, P is the node at cell centre, B is the feg centre on the boundary and H is
the halo node.

(2) For each variable, interpolate (the method varies between codesSsetions 2.3
and 2.4) from values in the opposite region to fimel value at the halo node.

3) The boundary value is then recovered by sirtipéar interpolation:

1
Qg :E(CPP +(pH)

The following should be noted.

. Where interpolation to produce a value at the hadale implicitly involves a
contribution from the boundary face value, the dipgaof that boundary value is
necessarily iterative.

. For the method to work properly the halo node &hadeally be located in the first
line of cells abutting the interface. This requithe cells immediately on either side
of the interface to be of roughly comparable dgmlpendicular to the interface. In
most cases this is automatically done by the geitegator.

. The mesh motion in one timestep should not beasgelthat the halo nodes “skip”
cells in the neighbouring region. Numerical expeminsuggests that this limit should
be even more conservative; we prefer to ensurethigainterface slides by no more
than half a cell in one timestep.

. Linear interpolation means that the method is &lynsecond-order accurate in
space.
. Because the interface passes valuagarid not flux@) the method is not guaranteed

to be conservative. However, numerical experimemifions that global mass-flux
errors are less than 0.01%.

The method of producing a value of a variable laéla node is code-specific and is described
below for two CFD codes: our own in-house multidistructured cod€TREAM and EdF’'s
unstructuredCode_Saturne. Specifically:

. STREAM uses a “which-cell-am-I-in?/linearly-interpolatapproach to find values at
the halo node. This is straightforward and verycadht but is restricted to structured
meshes.

. Code_Saturne uses a “which-is-the-closest-node?/Taylor-sengmmasion” approach

to find values at the halo node.
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2.3 Implementation in STREAM
NE

NW

halo node

Figure 2.4: structured mesh — location within a box (illustchhere for 2-d meshes).

Given the location of a halo node;, the interpolation routine determines which “bokg,
octet (3-d) or quartet (2-d) of nodes (see Figu#e, 2his point lies within and the fractional
distanced;, fj, fk from “west”, “south” and “bottom” faces of this korespectively. These
fractional distances are computed from the progedisplacements of the halo node onto the
associated faces of the box. (Note that thesepiolEiion boxes have the nodesvastices
and are not the same as the computational finitenves, which have nodes at their centres.)
A point is formally within a particular box if

0<f <1 0<f, <], 0<f, <1

The search routine to find which box a halo nods Within is optimised by:

. only searching in designated blocks on either sfdée interface;

. for each test box doing an initial quick checlctmfirm that the point lies within the
range ofx, y, z values at its corners;

. cycling through the boxes starting at the lastiuse this halo node; if the halo node

hasn’t moved very far then the relevant box wiliftwend immediately.
An advantage over the “nearest-node” approachat dhce the appropriate box has been
found then searching can stop, whereas for “nea®” searches one must obviously
continue testing all possibilities. The major riesin is that the mesh must be (multi-block)
structured.

Multi-linear interpolation is then used to find thelue of each variablg at the halo node;
e.g. in 2-d (see Figure 2.4 for node arrangements):

o=(1- fj)[(l_ fi)@sy + fi0e] + fj[(l_ f )P + fiPye]
The extension to 3 dimensions is obvious. The snmplltilinear interpolation also ensures
that as the halo node moves from one box to ighfeiur therp changes continuously.

Some simple 2-d (rotating cylinder) and 3-d (rotgtcube) examples are illustrated below.
The latter shares essentially the same mesh-ingettpology as the marine current turbine,
but with a considerably simpler rotating body.
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Figures 2.5, 2.6 and 2.7 show simulations of timeiar flow about a 2-d rotating cylinder
with  Reynolds number Re=U,D/v= 200 and non-dimensional rotation rate

a =QR/U, =05 (D is diameterR is radius andlJy is the approach-flow velocity). Detailed

computations have been performed for a varietytation rates at this Reynolds number by
Stansby and Rainey (2001) and Mittal and Kumar 3200he latter made a comprehensive
study of flow behaviour for 0 & < 5, showing two-sided vortex shedding to exist fo
a < 1.91, with very high lift coefficients for thariger values oé by the Magnus effect. A
detailed grid- and timestep-dependence study hiabe®sm carried out here, the main purpose
being to investigate the efficacy of the slidingerfiace approach; however, results for
fluctuating lift at this rotation rate are consrdtavith those of both journal papers.

Figure 2.5 shows the two-part mesh: an inner firshmwhich rotates with the cylinder and
an outer coarser mesh that is stationary. The te/separated by a sliding interface.

g
st
ittt

‘ il

Figure 2.5: 2-d rotating cylinder — computational mesh.

Figure 2.6 shows shaded plots of flow variableggpure and vorticity), overlaid by velocity
vectors and streamlines respectively. The slidmgrface cannot be detected in these plots,
indicating that the interface is successfully traitsng flow information.

Figure 2.7 shows computed lift coefficient, compgrresults for two timestepping schemes
(Crank-Nicolson and Gear's method) and also theltesvith a completely stationary mesh
(but still rotating cylinder walls). The non-dimemsal timestep used iatU,/D =0. 004
There are small differences in extreme values batvetationary and rotating meshes, but the
basic lift-coefficient distributions — peak andugh values of 0.4 and 2.1, with a Strouhal
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number fD/U, = 0. 195- are consistent with the results of Mittal and&w (2003).

@)

Figure 2.6: 2-d rotating cylinder: (a) pressure and flowfiglld) vorticity and streamlines.
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Figure 2.7: 2-d rotating cylinder — lift coefficient.

20 25

A second case considered was that of a rotating.clibe multiblock structure for this is
shown in Figure 2.8. A central cylindrical core linting the cube spins inside an outer
cuboid domain. There are sliding interfaces onugbstream, downstream and curved surfaces
of the cylindrical mesh: the same topology as dlemployed for a marine current turbine.
The flow is laminar with Reynolds number (baseccobe sidd. and approach-flow velocity

Ug) of 100. The non-dimensional angular velocf®t/Uy is 1.0. The non-dimensional
timestepAt Ug/L = 0.005 and the Crank-Nicolson timestepping metk@mployed.

Figure 2.9 shows the streamwise pressure distoibuaind streamlines. As for the previous
test case there is no detectable signature ofitliegsinterface.

Figure 2.8: 3-d rotating cube — mesh blocks.
(@)
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Figure 2.9: 3-d rotating cube: (a)ressuren a stre m; $bstr amlines.
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2.4 1 mplementation in Code_Saturne

halo nod
Xy

nearest node
X

Figure 2.10: unstructured mesh — location relative to neareden

In our current implementation @ode_Saturne the value of a variablg at a halo nod& is
determined by (see Figure 2.10):
. finding thenearest nodex;
. using a truncated Taylor-series expansion usiaegtimputed derivatives &4

@y = @(Xo) +(Xy = Xo) * LX)
A potential deficiency is thap will change discontinuously as the halo node &s'§ged” from
one nearest node to its neighbour as the meshsslidgractice, this does not seem to be a
problem, but alternative interpolation schemesba&iag considered.

The method described in the previous section idampnted in Code Saturne v2.0.1. A tree

structure of the key subroutines is shown in Figlifel. Modified subroutines are shown in
italics and completely new subroutines underliredescription of the subroutines follows.

caltri —‘

| nivar ——— ysiniv

tridim—
—— usclim—— findha

—— navsto —
— preduv— codi t s —— upcoef
— resolp

—— Upcoef

Figure 2.11: tree structure of key subroutines used in intemmakface development; italics
indicates “modified” and underlining indicates “new

Page 13



caltri
The main calling tree of Code Saturne. It conttbks fluid solver as well as writing
the post-processing files.

codits
Iterative solver for a variable.

findha
The search routine for closest cell centre tohhle node. Each side of the interface
searches through the cells only on the other side.

navst o
The Navier-Stokes solver. Calls the velocity pcedn and pressure-correction
subroutines as well as making the velocity corogctiAfter velocity and pressure
corrections the internal interface is updated big¢aupcoef .

pr eduv
The velocity prediction.

resol p
The pressure correction.

tridim
Calls the main parts of the fluid solver. One @dlt r i di messentially corresponds
to one time steptri di m calls the boundary-condition updaters as well fees t
Navier-Stokes solvers and mesh modifications u#ihg. The subroutine has been
modified so that calls to the turbulence subrowiaee made within the inner loop.
An inner-loop convergence criterion based on noisedlresiduals has been added.

usclim
Defines the boundary conditions. Here it is alsedito define the internal interface as
a Dirichlet boundary. The search routirfé fdha) is called and the values of all
variables on the interface are updated.

usi ni v
Called once at the start of a calculation and @it a restart. It is used to initialise
the variables in the flow. In this application selbn either side of the internal
interface are identified and their cell-centre ctwates stored.

BecauseCode _Saturne is very highly parallelised and cells abutting théerface may be
attached to many different processors, memory neneagt has to be put in place to
assemble pointers to all interface-abutting cdllsinvestigation of the overheads associated
with interfacing and the associated mesh movemastbeen performed and is illustrated in
Figure 2.12. The case is a 3.1-million-cells caltoh of flow about a sphere and was
performed on the University’'s Red Queen researubtet; (speed-up is normalised by the
computation time for one 12-core “blade”). The FKgyuindicates thatCode Saturne
parallelises very well, but that overheads assediatith the ALE method can easily exceed
25% of processor time.

Page 14



1 T I T | T | T T T

16 - Q&
X Sliding mesh with rotating mesh
1 Sliding-mesh stationary mesh
14— < Standard Code_Saturne case .

12~

Speed-up

00
|

| I I | | ! | | | | i

24 48 72 96 120 144 168
Number of cores

Figure 2.12: speed-up of different interface methods (flow atmsphere; 3.1 million cells)

Validation test cases have been computed to exattmenleehaviour of the interfacing method
in Code_Saturne. These are 2-d flow about a stationary or rotatiyignder at Re = 200 and
3-d flow about a sphere.

The default number of iterations of the inner IddF ERUP) in Code_Saturne is 1, making
each timestep explicit. Implicit schemes are inh#tyemore stable and when there is a
sliding interface values on the interface must ssaerly be obtained iteratively. Testing
suggests that a minimum numib¥FERUP = 5 is necessary for the cylinder test case (see
Figure 2.13 for example). As this is likely to lestcase- (and timestep-) dependent, we have
also developed an inner-loop convergence criteaset on the normalised sum of residuals
to establish convergence within a timestep motialyii.

Velocity:
2.000e+00¢
1:5002+00 ﬁ

e+
e
0.000e+00

NTERUP = 3 NTERUP =5

Figure 2.13: effect of changing the number of inner-loop itema$ on continuity at an
interface.
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By examining the fluctuating lift coefficient for ratating cylinder we also investigated how
far the interface could be allowed to slide in dingestep. A CFL-like condition — that halo
cells should not pass more than one donor celltimastep — was envisaged. However our
findings were that this was not sufficient andgemneral, it is recommended that the interface
should not slide by more than half a cell in omeettep.

The effect of different relative rotation ratesr(fa definition ofa see Section 2.3) and
different timestepping schemes were also invegdat-igure 2.14 shows values of
fluctuating lift as a function of time at= 0.5 ando = 1.0. With 2%order timestepping the
values for bothn = 0.5 anda = 1.0 compare very favourably with the resultdvbttal and
Kumar (2003), with very little difference betweeesults with our own interface method
(with and without rotating the mesh) and the norrfgdsting” approach for composite
meshes o€ode_Saturne. However, it also indicates that a second-oraeestepping method
is highly desirable for accuracy in this case.

—— Slhiding-mesh with rotating mesh (1" order)

L= — Sliding-mesh with rotating mesh Lan order)
— Sliding-mesh with wall velocity

- — Joined meshes with wall velocity
0 = = Mittal and Kumar (2003)

0 10 20 30 ' 40
Time (5)

Figure 2.14: time-dependent lift coefficient for three methodisinulating a rotating
cylinder; upper graphs = 0.5; lower graphst = 1.0.
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The new interfacing method @ode_Saturne has also been tested for flow about a rotating
sphere. The flow is obviously important to fanshaill sports, but also in ballistics and
aerosol science. Experimental data with which togare can be found in Oesterlé and Dinh
(1998), whilst computations can be found in Kim 20 The experiments considered
Reynolds numbers and non-dimensional rotation iatdse ranges

10 <Re <140 and <6
The mesh and boundary conditions are shown in Eiguf5 and an overview of the
computed flow field in Figures 2.16 and 2.17. Tlsipon of the interface has been marked
in the latter: its position is gratifyingly not @etable in the flow-field plots.

N
=
AN
R “ ‘
) NSt
D e o
KIS NN
KA ANDS W
U ERN M
R .'.'.':.'iigs W Interface

/7
.

/7

OQutlet

Vorticity
1.328e+00
9.995e-01
6.714e-01
3.433e-01
1.528e-02

e
.

Figure 2.16: computed flow about a sphere: streamlines colobyedbrticity
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Figure 2.17: computed flow about a sphere; (a) pressure caoaftic(b) velocity magnitude.

Computations have focused on the particular cas®ef 25.45,0 = 1.0 (case Bal2 in
Oesterlé and Dinh, 1998). Although this flow cowldviously be computed with a single
non-rotating mesh and imposed wall velocity of #mghere our object was to test the
interfacing routines and to this end we have geadra mesh in two parts, corresponding to
the regions inside and outside an internal interfaictwice the sphere radius. We consider
three strategies for computing the flow:

. case A: sliding-mesh interface routines with inmersh rotating with the sphere;
. case |: interface routines but mesh actuallystatly (sphere surface rotating);
. case J: usu&@ode_Saturne pre-processor routines to join or “paste” the nessh
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Preliminary results for drag and lift coefficiersigee shown in Table 2.1. Results thus far are
only preliminary and grid- and timestep convergehas clearly not been demonstrated. In
particular, we have only tried first-order implitimestepping and results from the cylinder
calculation have already shown that second-ordeediepping is to be preferred for accuracy
at moderate sizes of timestep. However, our owerfating routines agree well with the
more complex method used by tBede Saturne pre-processor to “paste” two meshes. The
rotating-mesh method — which is not strictly neettedhis case — will clearly require either
a smaller timestep or a more accurate timesteppetod.

Case: Cp CL

A: interface routines with rotating inner mesh .46 0.842

I: interface routines with stationary mesh, rotgtsphere | 2.506 1.011
J: meshes joined yode Saturne 2.509 1.011
Oesterlé and Dinh (1998) — 1.196

Table2.1: Drag and lift coefficients for flow about a rotagi sphere.
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3. MARINE CURRENT TURBINE: GEOMETRY AND SIMULATION DETAILS
3.1 Description of Experiment

The MCT device to be simulated is that of Bahale{2007b). In that series of experiments
power and thrust coefficients were measured fange of tip speed ratios and pitch settings
in a towing tank (and also a cavitation tunneha@iligh these will not be simulated here). The
3-bladed MCT had a rotor diameter of 800 mm ancelhadiameter 100 mm. The support
diameter was also 100 mm. Blades were constructed NACA 63-8xx profiles; chord,
pitch and thickness distributions are given at fiaQjes along the blade. The experiments
showed considerable sensitivity to the overalllpitd the blades; in all our simulations we
have used the optimal blade root pitch setting @f, although the mesh-generation scripts
could be adapted to use other values. The towink @ad breadth 3.7 m and depth 1.8 m,
with the rotor centred 0.84 m below the free swefathe area blockage ratio is 7.5% and
Bahaj et al. made thrust-dependent blockage caorecbefore presenting their data, which
we have also done for consistency. Power and tenedfficients were measured at tip-speed
ratios (TSRs) of up to 12, with optimal power talkexd a TSR of about 6.

3.2 Computational Mesh

A geometry and mesh has been built with Fluent'shimg tool Gambit to conform as
closely as possible to that in the experimental sueaments of Bahaj et al. (2007b). A
complete geometry has now been modelled, inclutliegsupport. This is composed of 5
separate meshes (see Figure 3.1) — an inner turiesh and 4 outer meshes. The latter, non-
rotating, parts are pasted together w@bde Saturne's pre-processor, with the interface
between these and the rotating turbine mesh beamglled by our own sliding-interface
procedure. A typical cell count is given in Table(Rrior to the full-geometry simulations a
number of different grid resolutions were testethiRANS models on the rotating blade and
nacelle geometry, without the mast and variousetkfit meshes of up to 4 million cells have
been used during development.) The domain extendsstance B upstream and ID
downstream of the rotor, wheleis the rotor diameter.

Region Number of cells

Turbine 1165 878

Mast 252 768

Upstream 231 360

Surround 205 600

Downstream 242 900
Total: | 2098 506

Table 1: numbers of cells in different portions of the mesh
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Turbine

Downstream

Surround

Upstream

Figure 3.1: subdivision of the flow domain into different masgions

Individual blades are meshed using a C-mesh withd@gts around the profile and ten cells
on the blunt trailing edge (Figure 3.2). Polyhedsl@ments are required outside the prism
layer on the blade tips to ensure the outer sudanebe meshed in a structured manner. This
is to enforce regularity at the sliding-mesh irded. The circumferential sliding interface is
non-conforming, with 240 cells on the inside an@ télls on the outside. This flexibility of
the interface method assists us in reducing theatheell count in less important regions of
the flow. The mesh near a blade is illustratedigufe 3.2 and the overall surface mesh on all
solid boundaries, rotating or otherwise, is showFRigure 3.3.
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Figure 3.2: detail of the mesh about a blade.
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Figure 3.3: overall surface mesh.

3.3 Flow Parameters

For reference we note here the definition of thegypal performance parameters:

Tip-speed ratio: TSR= QR
0
Thrust coefficient: C; = thruit
3PUGA
Power coefficient: C, = = _power
2onA

Here,Q is the angular velocityR the rotor radiuslJ, the approach velocity (or towing speed)
andA the area swept out by the rotor. Power is detexchfrom torquex angular velocity.

In Code_Saturne, where all variables are entered in metre-secomits,uthe following
conditions were applied:

inlet velocity: Up=1ms§s'

turbulence intensity: 0%, 10% or 20% (0% repldogd % for RANS)

rotor diameter: D =0.8 m (radiu®k = 0.4 m)

angular velocity:  Q =10, 15, 20 rad S (1 revolution— 0.628, 0.419, 0.314 s)
density: p = 1000 kg m°

viscosity: n=1.010%kgm's?
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These correspond to non-dimensional parameters

PUeD _ goxic®
0

TSR—S—R—4 6or8

0

Re=

3.4 Blockage Correction

Although we simulate exactly the same flow domasnira the experiments, i.e. our side
boundaries correspond to those of the towing t&akaj et al. (2007a) did not present the
raw values ofCp, Cr and TSR in their reports but instead made a blgekaorrection to
present them as equivalent “open-water” measuresnknorder to compare like with like we
make the same correction, which depends on the ldoekage ratioA/C and the thrust
coefficientCy. Details are given in Bahaj et al.’s paper. Thgusace of calculations follows.

. Solve (numerically, e.g. by repeated bisectiony fo

f(r -1 F
1+ ,/1+ -1)

(r corresponds th3/U2 in Bahaj et al.’s notation)

r+l /
Yo 1+,/1+—(r -1 -1

Uy _ U, /U,
U, (U,/U,)*+C, /4

Uy is the velocity at the disk according to actuatsk theory; a prime denotes an
equivalent “open-water” quantity.)

. Find

. The blockage-corrected coefficients are then:

3
U
Cp :CP(_?]
Ug
TR
c.=C —?]
T T(UO
TSR':TSR(U—?]
Uo

In the present case the area blockage ratid= 0.075. With a typical thrust coefficient
Cr=0.8 this givesU,/U, =0. 973and multiplicative blockage-correction factors Z29

0.947 and 0.973 for power coefficient, thrust cioeght and TSR respectively. Note that the
corrections depend ddr and can become very significant for large thrust.
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3.5 RANS Simulations

Using the model described in Section 3 flow simale were undertaken with the standard
k-¢ model, usingCode_Saturne’s “scalable” wall functions. Dirichlet conditiornvgere applied

to all transport variables at inflow, with a fixgdessure boundary condition is employed at
outflow. Side-wall boundaries and top and bottonthef domain were modelled as slip walls
(the most appropriate boundary condition to sineuéatowing tank).

Three different turbulent intensities) (were considered: 1%, 10% and 20%. The inlet
turbulence scalars were related to these by

C3/4k3/2
ko:%(uoi)Z’ 8ozul—0

where the inlet mixing length, is taken as 0.7 times the turbine axis immersepthd
Three different TSRs have also been consideregiafad 8.

In all cases a slope-limited blend of central apavind differencing is used for advective
fluxes together with first-order, fully-implicitrnestepping.

The requirement that the interface slides no mben t%2 cell in one timestep sets the
following restriction on timestep size:

2n or At < T

Ncell NceIIQ

In a typical caseles = 160,Q = 15 rad §, giving a maximum timestep of 0.0013 s. For our
calculations a timestep of 0.001 s was used (eximepT SR = 8, whemAt = 0.0008). The
maximum CFL number was about 70. Note that foryfutiplicit timestepping there is no
automatic CFL restriction. Other timescales are:

. one blade rotation (0.4189 s,dt/D = 0.524 when TSR = 6);

. one domain pass-through time (10.4 4JgifD = 13)

QAt < 3%

Different cases were run on EdF's Blue Gene higtiepmance computer using 2048
processors and on the University of Manchester'’s @h 256 processors.

3.6 LES Simulations

LES calculations have been undertaken, using thee sgeometry and mesh (just over 2
million cells) as the RANS calculations (includifgpth rotor and support). Whilst the
pressure distribution on the blades is relativelghanged the less-diffusive behaviour in the
wake means that vortical structures should be bpteserved (which is of importance when
considering fluctuating forces on both rotor andstreand the operation of turbines in arrays).

In all cases to be reported here we have used ttmelasd Smagorinksy model for the
unresolved scales, with coefficie@ = 0.065. As with the RANS calculations a slope-
determined blend of central and upwind differencasgised for advective fluxes. Second-
order timestepping is used with a timestep of 0100Qthe maximum Courant number being
about 14).

Basic wall functions are used at solid boundaii&égse are defined by iterating the log-linear
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velocity profile:

1
u - + ¥ +
Yz p ey, where  f(y)=i MY *B Y >Vin

U v y" y' <y

for the friction velocityu, (from which the wall stress,, = pu? can then be determinedy.
values vary from about 7 to 400. No Van Driest dengjs used.

As for the RANS calculations, three TSRs are carsid: 4, 6 and 8.

Inflow turbulence intensities of 0, 10% and 20% daveen employed. The non-zero
turbulence intensity cases were incorporated usirgasic synthetic eddy method (SEM)
already built intcCode_Saturne. Fluctuating velocities at inlet are given by

u, () =U,o + 1, (D)
whereUy andi are the prescribed mean velocity and turbulentengity andr, is a time
series of random fluctuations with mean zero, vexal and an appropriate Lagrangian
timescale. In this approach the turbulence is resaéyg isotropic. In the future it is hoped to
do simulations with the more advanced “divergenee-Synthetic-eddy method” (DFSEM)
currently being developed by PhD student R. Pqlettich is aimed improving the level of
pressure fluctuations at inlet.

Calculations were performed on EdF’'s Blue Gene -Hpigtiormance computer using 2048
processors. On this a single timestep took abot#0l§, meaning a real time of about 0.48 s
(Just over one rotation at TSR = 6) can be computedday.
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4. MARINE CURRENT TURBINE: RESULTS

Tables 2 and 3 gives the main quantitative outptithe simulations: namely the thrust and
power coefficients as a function of:

. turbulence model (RANS or LES);

. tip speed ratio (TSR);

. inflow turbulence intensity.

To compare with experiment the second part of #idet gives blockage-corrected results
using the formulae of Section 3.4. This also leads small correction of TSR. Experimental

results in the table have been read from curve bt values in the later graphs are taken
directly from a University of Southampton data neBahaj, private communication)

Uncorrected
TSR Model Inlet turbulence intensity Cy Cp
4 k-e RANS | 1% 0.5283 0.2323
10% 0.5420 0.2047
20% 0.5554 0.1837
LES 0% 0.5599 0.3359
6 k-e RANS | 1% 0.7291 0.2365
10% 0.7350 0.1958
20% 0.7437 0.1592
LES 0% 0.8137 0.4174
10% 0.8178 0.4032
20% 0.8198 0.4183
8 k-e RANS | 1% 0.8662 0.1340
LES 0% 0.9209 0.3030
Blockage-corrected (experimental results read fcomre fits)
TSR Model Inlet turbulence intensity Cy Cp
3.95 k-e RANS | 1% 0.514 0.223
3.94 10% 0.527 0.196
3.94 20% 0.539 0.176
3.94 LES 0% 0.544 0.321
4 Experiment 0% 0.60 0.40
5.87 k-e RANS | 1% 0.697 0.221
5.86 10% 0.702 0.183
5.86 20% 0.709 0.148
5.83 LES 0% 0.769 0.384
5.83 10% 0.773 0.370
5.83 20% 0.774 0.384
6 Experiment 0% 0.80 0.440
7.75 k-e RANS | 1% 0.812 0.122
7.71 LES 0% 0.855 0.271
8 Experiment 0% 0.92 0.390

Table 2. Thrust and power coefficients
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Figures 4.1 and 4.2 summarise the computed thngstpawer coefficients as a function of
TSR; it includes the complete experimental datasgirovided by Prof. Baha,.

Thrust coefficient

Power coefficient
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Figure4.1: Thrust coefficient vs TSR at turbulence inten§ity.
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Figure 4.2: Power coefficient vs TSR at turbulence intensiy. 0
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In general the thrust coefficient is well predictggboth methods, with LES giving slightly
better agreement with experiment up to the maxinpomver point (TSR = 6), but slightly

less satisfactory results at off-design inciderid@s is presumably related to the ability to
predict boundary-layer behaviour on the bladesanddions approaching stall and merits
further investigation of mesh dependence and walikbdary treatment here.

The power coefficient is more sensitive to the catagd pressure and stress distributions and
is significantly under-predicted by thes model. The LES simulations are an improvement,
underpredicting the maximui@r value by about 10%; nevertheless, the underpiedieit
higher rotation speeds is quite significant. Ndtatt due to the large thrust, there is quite a
significant blockage correction (about 0.894) agblio the power coefficient here, a feature
that Bahaj et al. (2007) commented on.

A parametric study of the effect of inflow turbutenwas also carried out and the effect on
the mean thrust and power coefficients is presented in Fegu3. The effect on thegseean
coefficients is relatively modest, except for tloenputed reduction in power coefficient with
thek-¢ model, where an increased level of turbulencedd¢adhicker boundary layers and a
reduction in lift on the blades.

0.9

0.8

C= O

0.7 A A
EJ 0.6 —4-CT (RANS)
& --CT (LES)
()
S 05 —£-CP (RANS)
E -©-CP (LES)
£ 04
£ G o —0
g
3 03
o

—_—

0.1

0 10 20
Inflow turbulence intensity (%)

Figure4.3: Thrust and power coefficients vs inflow turbulemaensity.
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Inflow turbulence may, however, have a significaffect on the fluctuating loads on the

turbine. This is illustrated in Figure 4.4 for RANSd Figures 4.5 for LES. The dominant
mode in most figures is expected to be the 3-cypdrs0.42 s associated with the individual
blades passing in front of the support mast (temmigrraising the back pressure). This is
observed in the RANS calculations (Figure 4.4). B&8, however, whilst this frequency is

clear in fluctuating moments about theandz axes (Figure 4.5b) it is not observed in the
main moment giving rise to the power coefficieng(ffe 4.5a). The reason is unclear.

(a) 1% inflow turbulence

073

0.729 | 4

0.728

0.727
0.238

power
0.237

0.23% WWN

0'2358.6 8.8 9 9.2 9.4 9.6

) Time (s)
(b) 10% inflow turbulence
0.737
0.736
0.735
0.734
0.1965
power
0.196
0'19558.6 8.8 9 9.2 94 9.6
Time (s)

Figure 4.4: Time-variation of thrust and power coefficients RANS computations
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(a) Power coefficient (proportional to torque ca@ént about the streamwise axis)
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(b) Non-streamwise-axis torque coefficients
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Figure 4.5: Time-variation of coefficients for LES computatsofT SR = 6; 0% turbulence)

The effect of turbulence is complex: part of theiatgon is due to the fluctuating pressure
field on the blades, whilst another part is dughe wake interaction with the mast. The
RANS calculations suggest that for reasonable tarnme levels (say 10%) the regular
fluctuations in load brought about by the changesr@ntation with respect to the support
mast are larger in magnitude than those assocwatedurbulence. However, the reason for
the additional frequencies apparent in the LES pawefficient time series are, at present,
unclear.
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The pressure coefficient on the blades is plotted RANS calculations) in Figures 4.6 and
4.7, whilst the pressure coefficient on all soligifaces is shown in Figure 4.8. Note that there
is a difference in normalisation here. On the bdaiheorder to conform to standard aerofoll
practice the normalising dynamic pressure is basethe relative approach velocity at each
individual radius; thus:
c = p_ pref
Tl Q77

For the global pressure distribution, however,diigamic pressure is simply taken as that in
the approach flow:

- p_ pref
" 3pUg
and, as a result of the large speeds at the bijasletie pressure coefficients in Figure 4.8 are
in places considerably greater in magnitude than 1.

c

Plotting the pressure coefficient as a functionT8R in Figure 4.6 we note that there is a
considerable reduction in lift (as evidenced by dliféerence in pressures on suction and
pressure surfaces) when TSR = 8. This is partigufevalent at the larger radii and is the
reason for the considerable drop in power coefiiichere.

Plotting the pressure coefficient as a functionndow turbulence intensity in Figure 4.7
shows a relatively small influence of this parametgth most of the differences occurring in
the lower-speed region near the hub which doesamdtibute significantly to overall power.
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(a) All surfaces
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Figure 4.8: pressure coefficient on model surfaces (RANS satmms); normalisation based
on upstream dynamic pressure, £g.= (P = P, )/ 1pU¢Z; scales are not intended to indicate

maximum and minimum values.
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Figures 4.8 and 4.9 show the vortex structure envilke of the turbine for RANS and LES
simulations. Note that blade-tip-generated vortexcsures are better preserved downstream
in LES than they would be by the more diffusive RANalculation and there is a strong
interaction with the support mast. Note also thé-established vortex occurring behind the
latter.

Figure4.9: isoQ field (LES)
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5. NEXT STAGES

Despite a delay due to the unavailability of EdBlsie Gene computer for a period this
summer, parametric studies of the effect of opegapoint (TSR) and inflow turbulence
models have now been performed for both RANS ands Ldalculations. Mean and
fluctuating thrust and power coefficients have bdetermined as functions of time. On the
meshes used RANS calculations take of the ordet-Bfdays (on a high-performance
computer), but LES calculations may take more thaveek. It would be highly desirable to
“tidy up” our results by performing more extensgred-dependence checks.

RANS calculations are less computationally inteesaind a basik-¢ model has been shown
to provide acceptable values for the thrust coieffic but a low power coefficient and
considerable diffusion in the wake. Alternative R&Nurbulence models available in
Code_Saturne (including SSTk-w) will also be investigated, as will non-uniform ameand
turbulent velocity profiles. Alternative wall bouaiy conditions — “standard” wall functions
and low-Re models — will also be investigated at giathe grid-dependence checks.

LES calculations show an improvement in predictiohthe power coefficient, although still
underprediction for off-design incidence. It is lkdpto improve the specification of inflow
turbulence — in particular, more realistic presdiuetuations — by incorporating the work on
divergence-free synthetic-eddy models currentingpeleveloped by PhD student R. Poletto.
Following grid-dependence checks the dynamic LESdehocurrently available in
Code_Saturne will also be investigated.

The next deliverable (MD1.3) specifies two majowngems:

. waves;

. real turbine geometry.

Both of these will be investigated in the firsttarsce with time-dependent RANS. For the
first we will be extending the work initiated byi@er Cozzi and Yacine Addad to include
free-surface movement in the outer domain. Forlasé item a CAD model of the TGL
turbine has already been passed to us for meshing.
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