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ABSTRACT

This paper presents the findings from using sevaralmercial
computational fluid dynamics codes in a joint nuicer and
experimental project to simulate WRASPA, a new wanergy
converter (WEC) device.

A series of fully 3D non-linear simulations of WRRS are

presented. Three commercial codes STAR-CCM, CFX and

FLOW-3D are considered for simulating the WRASPAide
and final results are presented based on the u$dowf3D.
Results are validated by comparison to experimedtth
obtained from small scale tank tests undertakehaataster
University (LU).

The primary aim of the project is to use numersaiulation to
optimize the collector geometry for power productiover a
range of likely wave climates. A secondary aintoivaluate
the ability of commercial codes to simulate rigmtly motion in
linear and non-linear wave climates in order to ad®o the
optimal code with respect to compute speed and @ése
problem setup. Issues relating to the ability afode in terms
of numerical dissipation of waves, wave absorptiagve
breaking, grid generation and moving bodies will bk
discussed.

The findings of this paper serve as a basis foiindormed
choice of commercial package for such simulatidtswever
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the capability of these commercial codes is indneasvith
every new release.

INTRODUCTION

The development of economical technologies for omiTey

power from renewable sources is a primary objeaiveodern
society. Recent political support for exploringeemble energy
sources has encouraged scientists to conduct furésearch
towards their current findings. As a renewable gyeource,
wave energy has an intensive
development which has spanned three decades.
renewable sources include solar, hydroelectric,imaacurrent
and wind.

This paper has emerged from the numerical simulatiof a
new wave energy converter named WRASPA, a pointrhles
WEC intended to be deployed at a water depth ob@f-
WRASPA is an acronym fowave-drivenResonantArcuate-
action,Surging Power Absorber.

WRASPA, invented at LU, will produce an estimateawpr
output of 2MW in the North Atlantic.In response to incident
waves a collector body moves around a pivot abbeeséa bed
and energy is extracted from the resulting surgmogion [1- 5].
Numerical models not only allow assessment of veriscales
at relatively low costs but also provide for an imjzed
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configuration in early stage models. Numericallmeatatical
modelling allows several designs to be tested énféistest way
possible. In this paper, propagation of linear wies been
simulated in a numerical wave tank (NWT). The asnto
record the coupled motion of the wave energy cdever
WRASPA in response to the incoming waves in the NWT
sketch of the device in incident waves is depiateigure 1.

uﬂét
y

Wave 4

Figufel: A d;piction of WRASPAs fixed axis pitchotion
against incident waves.

EXPERIMENTAL SETUP:

Figure 2: 1/100th scale model and the rig in expental wave
tank

NUMERICAL MODELLING:

Mathematically, fluid flow and rigid body motion gescribed
by conservation equations for mass and momentune Th
equations for mass and momentum result in a sysfefaur
coupled nonlinear partial differential equationsokm as the
Navier-Stokes equations. This system can be salaatytically
only for simple flow problems. However, for complex
problems, algebraic approximations are needed bee siine

Wave tank tests have been carried out at Lancaster€duations numerically. The turbulence associateth Wow

University on a 1/100th scale model of the devicevaluate its
performance. The model and the apparatus usedhavensin
Figure 2.

The collector body (Fig1-2) has a streamlined shamgve
large amplitudes of motion to extract energy fromves [2].
The pivot point is adjustable and can be variedveen 200-
300mm below the water level. The position of centife
pressure can also be varied by changing the vepasition of
the collector body on the arm. A reasonably linedationship
between the wave and pitch amplitudes is found viewe
amplitudes up to 25 mm with corresponding pitchlesign
excess of 0.45 rad. The wave force vector on tileator and
the pitch of the device were measured for variowslyb
immersions and pivot depths. More detail of the evasnk
experiment can be found at [1-3].

Instantaneous position (pitch motion) of 1/f'08cale

model of WRASPA in small amplitude regular wave was ¢ ' - ! V
the absence of any control claims this ability. However, this new capabilitgads more

recorded (Figure 10) in
forces/torque.

field can modelled via number of approximationsluding
direct numerical simulation (DNS), large eddy siatidn (LES)
and Reynolds-averaged Navier-Stokes equation
(RANS). However available computer resources liimét use of
DNS for only simple problems.

To simulate WRASPA, three commercial CFD (Compaotel
Fluid Dynamics) packages CFX, STAR-CCM+ and Flow-3D
was considered. All these packages are well knowthe CFD
community but their application for simulating wateaves,
particularly, involving moving rigid bodies, stitheeds to be
explored further. All these packages are basederReynolds
Averaged Navier Stokes (RANS) Equations. For mauteliree
surface waves each solver uses a slightly mod¥adme of
Fluid (VOF) model7-9].

At the time of a preliminary analysis of WRASPA, /AR-
CCM+ (v3.02) was found unable to handle the surgirion
of a moving object whereas a later version (v3.64 @3.06)

validation for the current application. It was ohsel that the
output of control force/torque may also be an isJirerefore,
it was decided to continue the preliminary analg$igVRASPA
using CFX and Flow-3D.
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Linear waves were modelled as part of the prelinyirzaalysis
using all three codes. CFX and Starccm+ are urtsirert codes
and require finer mesh at the free surface to vesat
sufficiently to simulate wave propagation down thek [7, 8].

Regular waves were successfully generated in CF3dfining

velocities at the inflow boundary using linear wakieory. The
mesh used with CFX is shown in Figure 3. It carsben that
at the free surface boundary a relatively fine dajler is

specified. This configuration was obtained by slicthe whole
wave tank at the free surface position and themgusin

inflation layer of smaller prism cells.

() " (b)
Figure 3: Mesh structure used for linear wave satioihs in 3D
NWT using (a) CFX (b) Flow-3D

Figure 4 shows surface elevation of a single lineave at two
different instants obtained with CFX. It is noticthat decay of
the wave amplitude along the tank is quite rapice da

numerical dissipation.

(a)
Figure 4: Linear wave propagation in numerical w#aek of
CFX at (a) 1.0s, (b) 9.25s

Flow-3D incorporates a different technique (TruVOE)
capture the free surface which does not need exlia at the
free surface (Figure 3b) and computes flow vargbbaly
within one fluid (water in our case) [9]. This majguality of
Flow-3D reduces the computation time significantly.

A linear wave with the following definition paramees was
simulated in Flow-3D and predicted surface elevegtiat two
different locations from inlet boundary is presehite Figure 5.
Wave amplitude = 0.015m, Time period = 1s, Wateptbe=
0.30m, Tank Dimensions = (12.5m, 0.45m, 2.5m).

Computational Specifications = Intel(R) Core(TM)2dCPU
E6750@2.66GHz , 8GB of RAM. Total Number of Cells =
605456, Smallest Cell Size = 2.9976E-02.

Time taken by solver to compute a 20 seconds case
2.030E+04(seconds) = 2:08 hr

free surface elevation free surface elevation
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Figure 5: Flow-3D Results of Surface ElevationagttE1.0s (b)
t=13.50s

CFX uses a deforming mesh to handle a moving obybath
requires large amounts of computation time as wasllextra
effort in mesh generation as the user needs tdl fufposed
cell requirements for a moving/deforming mesh.

Flow-3D uses a General Moving Object (GMO) model to
simulate three-dimensional coupled/prescribed motd any
arbitrary shaped body in a fixed computational methin a
wave tank (computational domain).

It is observed that Flow-3D is relatively much xpensive in
terms of computational time for not only wave’s pagation
but also for modelling moving object such as WRAS#HHh a
great deal of accuracy. Hence Flow-3D was founetthe best
suited code for the present project and the finaherical
simulations are being conducted only using Flow-3D.

Flow-3D uses a unique technique named FAV)R describe
geometric objects in a computational domain [9]akihis based
on the concept of area fraction (AF) and volumetfoa (VF)
in a rectangular structured mesh. The VF is defaethe ratio
of open volume to the total volume in a cell wherdaee AF’s
(AFR, AFB, AFT) are defined for three cell facespectively
in the direction of increasing cell-index as théaraf the open
area to the total area. This FAV®Rechnique works well with
complex geometries by introducing the effects of @dd VF
into the conservation equations of fluid flow. Theshnique has
led to the successful development of a general mgowbject
(GMO) capability which in principle permits the melling of
any type of rigid body motion (six degree of freegdixed axis
and fixed point) on a fixed-mesh.

This particular simulation is the application oistiEMO model
to a fixed axis dynamically coupled motion of WRASP
Solver calculates AF and VF at each time step whiscribes
object's motion through a fixed-rectangular meslydidulic,

gravitational, and control forces and torques aleutated and
equations of motion for the rigid body are solveglieitly for

translational and rotational velocities of movirgjexts under a
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coupled motion. Further detail of mathematical niodsed
within Flow-3D is given in the next sub-section.

EQUATIONS OF MOTION FOR A MOVING RIGID BODY
IN FLOW-3D:

Any rigid body motion can be considered partiallg a
translational and partially as rotational motiomeTvelocity of
any point on a moving body is equal the velocityhef arbitrary
base point plus the velocity due to the rotationthaf object
about that arbitrary point. For 6-DOF motion, th1G model
considers moving body’s mass centre G as the baisé pThe
equations of motion governing two separate motfon§-DOF
motion are [12].

= d\TG
F=m . @
T. =[J]. d—i"+2)x([3].2)) )

Where F is the total force, m is rigid body's madg,is the

total torque about G anfd]] is moment of inertia tensor about

G in a body fitted reference system. The total doand total
torque are calculated as the sum of several conmt®as

I::l:g-'-lzh-'-lzc-'-l:ni (3)
To =T, +T, +T, +T,; 4

where F; is gravitational force,F, is hydraulic force due to
the pressure field and wall shear forces on theimgowbject,
F. is the net control force prescribed to control estrict the

rigid body’s motion andEn; is the non-inertial force if a rigid

body moves in a non-inertial space system. In aseck, is

not present. Similarlyls, Ty, T,, T, and T, are the total

torque, gravitational torque, hydraulic torque, tcohtorque
and non-inertial torque about the mass centre ctispdy.

The continuity and momentum equations for a mowbgect
and the relative transport equation for the voluafefluid
(VOF) function are

Viop, 1 =M
o oA = ©)

i
a—l:+v—f(uAf 0u) = _[Dp+D(TAf )] (6)
oF 1 F oV,

oty O UA,) = o (7)

where O is the density of the fluid (water in our casH),fluid
velocity, V; volume fraction, A, area fraction, p pressurg,

viscous stress tensor, G gravity and F is fluidtfom.

In the case of coupled GMO’s motion, equationsafid (2) are
solved at each time step and the location of alingpobjects
is recorded and the area and volume fractions egdaging the
FAVOR technique. Equations (5) and (7) are solveith the

oV
source term (—a—tfjon the right-hand side which is

computed as

v, .
- ot =U,,; S, /Vcell ®
where S |s the surface arean surface normal vector,

—_—

U

V_,, is the total volume of the cell as drawn in Figére

obi is the velocity of the moving object at a mesh ceitl

Volume fraction:
Vi=V_open/V_cell
Area fraction:

Af= A_open/A_face
- Source Term:

; Uobj.nSobj/V_cell

Figure 6: Schematic explaining the source term.

The explicit GMO method solves equations (1) and (2
according to the following discretized equations

o . \_/'Gn+1 _\_/'Gn
+>Y Fi=m ——— 9
» w{ - j o

—n+tl —n

ISR R +z)“x([J]u7)“) 10)
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The implicit GMO method used for simulating the nmay SIMULATION SETUP OF WRASPA IN FLOW-3D AND
device solves equations (1) and (2) implicitly gsithe RESULTS:
following numerical scheme.
Flow-3D uses a structured mesh which, relativelguires very
nsl _ \_/’Gn+l _\7Gn little time and is fairly easy to generate. It allonested mesh
F, +2Fi =M —— @y blocks to add more cells in areas of interest tovide an
At accurate flow description. The mesh structure geadrwithin
Flow-3D’s preprocessor is shown in Figure 7.

—n+l —nN
—n+l

T TR v (D)@ ) a2

where the upper index denotes the time st% Fi and

ZTi is the sum of all the force and torque components ock

respectively excluding the hydraulic componentseAth time

—n+l

step afterVGn+land w are computed in this manner, the
fluid velocity and pressure field are calculated itsratively
solving the continuity and momentum equations.

At each time step the main computational procedure Figure 7: (Side View) Nested mesh blocks used fonputing
1. using pressure and velocity from the previous step flow field in Flow-3D.
calculate the force and torque for coupled motibntloe

moving objects. A linear wave boundary condition is set by presngbvelocity
2. calculate the mass centre velocity and angular citglo components using linear wave theory. Flow-3D's evavaker
under coupled motion explicitly using equations & boundary has already been used and tested by Tiig.
(20). turbulence model used for the final simulationstie RNG

3. record the location of moving object. (Renormalization group) model preferred by [9].

4. update the volume and area fractions.

Err oV, j Flow-3D offers a choice of explicit and implicit GDimodel.
5. calculate the source term——— | using equation (8). The lower density of the WRASPA device (comparedhte
ot surrounding fluid’'s density) has led to the chaidean implicit
6. perform one predictor-correction iteration for tfaid GMO model [9]. It was observed that the implicit thred

velocity and pressure using the descretized form of showed high stability and good efficiency for ouplgem. In
equations (5) and (6). If convergence is achievetbgtep the implicit method the force and torque from therent time

10. step rather than previous time step are used toe stile
7. update the force and torque for all moving objaciger equations of motion for the rigid body. At eachdirstep, the

coupled motion using the newly updated pressuréflait hydraulic forces and torques, mass centre velscitiel angular

velocity found in step 6. Apply under-relaxation tioe velocities of the moving object, velocity and press

fluid velocity and pressure if necessary. distributions in the fluid are calculated iterativén a coupled
8. update the mass centre velocity and angular vgldait manner.

theh moving objects under coupled motion using the
implicit scheme in equations (11) and (12) with ew The case shown in Figure 8-9 was simulated with evav
updated force and torque. Apply under-relaxation if amplitude of 0.01m, time period 1s and water d€p#2m. The

necessary. computational domain was composed of 971924 ogith, the
9. back to Step 5. smallest cell being 0.01 m. A smaller cell sizeswaed within
10. Proceed to the next step. mesh block2 which surrounds the device with thgdst cell

size in the outer blockl as illustrated in Figure 7

Further detail about underlying mathematical modeid

numerical scheme is available in [9]. The computational domain, having dimensions of 12 tn5m
x 0.738 m (length x width x height), was discretizato
971924 total cells. An outflow boundary conditiagupled
with bigger stretched adjacent cells, was used fa& t
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downstream end to minimize reflected waves [9]. BoBO
seconds run, Flow-3D’s cpu time was found to be &D

(approx).

= 256mm o

‘ FW(MGV surface
: ; 18 mm " _
Height is 128mm——" Z
52 mm ___—Pivot point
e

Variable Plate

Botlom of the tank

Figure 8: Schematic showing a front view of WRASRAhe
Numerical Wave Tank.

Variables of interests include the rotational argfiéhe device,
hydraulic torque and the amplitude of the incidevdve.
Velocity profiles from this simulation at two diffent instants
are shown in Figure 9 and corresponding rotati@mgjle of
device is plotted against experimental values (féidiD).

(a) (b)
Figure 9: Velocity profiles of incident waves anesponse of
WRASPA using Flow-3D at time (a) 1.05s (b) 29.2s

0.6

S

Position (rad)

0.4 V u
-0.6
t(s) = Experimental Results
— Simulated Results

Figure 10: Comparison of Experimental and Numéritae
history of Rotational Angle (in radian) of device.

CONCLUSIONS AND FURTHER WORK

It is found that numerical results are in reasomadreement
with experimental values. Owing to mesh size arebitétical

assumptions made for mathematical modelling, tieee little

difference between measured and simulated values.

The angular velocity of device computed from avdéa
instantaneous values of its rotational angle caruded with
hydraulic torque to obtain corresponding power3]_2,

Although linear waves can be simulated in CFX sigigtion
rate was found to be quite rapid and high. Flows3@e fluid
method keeps free surface interface sharp withequiring
extra cells at free surface and it is observed whtit Flow-3D
the computation time is significantly reduced conspato the
other codes. Flow-3D uses a built-in Outflow bougda
condition which can be used to avoid wave refletio
However to capture the rigid body’s geometric shaqrurately,
a much finer mesh around rigid objects is needed
computational domain of Flow-3D. The current difflece
between simulated and measured data might alsbebeatse
of this rendered geometry of the collector body awill be
investigated further as part of future work.

It is found that the difference between simulatew a
experimental values of pitch motion of device isafirfor small
amplitude waves (such as 10mm). However this diffee
increases with the increase of wave amplitude. Tpsart of
further work will be devoted to this investigatidrurther work
would also involve investigating experimental réswf non-
linear waves and modelling controlled motion of WS4 in
linear and non-linear wave climate. This contrateyn applies
constant opposing torque to restrict WRASPA's saggnotion.
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