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Abstract—The optimal grid spacing and turbulence model lfer t

2D numerical analysis of a vertical-axis water tneb(VAWaterT)
operating in a 2 m/s freestream current has beessiiyated. The
results of five different spatial domain discretigas and two

turbulence modelsk{w SSTandk-¢ RNG have been compared, in
order to gain the optimal*yparameter distribution along the blade

walls during a full rotor revolution. The resultimptimal mesh has
appeared to be quite similar to that obtained foe humerical
analysis of a vertical-axis wind turbine.

Unfortunately, this advantage is largely lost inteva
because water dynamic forces on rotor blades tipieaceed
centrifugal forces, determining a high bucklingkriduring
blade upstream pass [3].

A great advantage of ocean and tidal currents imected
to its highly predictable power output. Apart frahat, energy
extraction from unregulated watercourses has veughnin
common with wind power, the main difference beirgp t
density of water, which is approximately 800 tintles density

Keywords — CFD, vertical axis water turbine, NACA 0025, bladeof air. This means that a turbine for underwatepliaptions

y.

|. INTRODUCTION AND BACKGROUND

can be much smaller than an air turbine of the seaed
power [4].
One commonly used hydro-kinetic turbine is the Ras

ONVENTIONAL hydroelectricity, considered as one offotor, originally patented as wind turbine in th&AJin 1931

the dominant forms of green Energy, is facing aata
of suitable installation sites, just as the neeadrémewables is
becoming greater. Therefore, alternative formsyafrbpower
must be pursued, in order to tap the hydroeleatriergy
potential of the world. Kinetic hydropower, usingbsnerged
turbines in existing currents to produce electyicis one of
such alternatives. A kinetic hydropower turbine slderequire
large infrastructures, such as dams and powerhpukas
reducing both cost and deployment time. Moreovett wo
reservoir or spillways, the resulting environmeritapact is
minimal [1].

The process of hydrokinetic energy conversion iegplihe
use of river (or other man-made waterways) streanastidal
currents for the generation of electricity. Thisezging class
of renewable technology is being strongly recoghizes a
unigue and unconventional solution that falls witthie realms
of both in-land water resource and marine energy [2

For the technical development of water turbinescimean
be learned from wind turbines, even if differentecying
boundary conditions, such as fluid density and rkiatc
viscosity, must be taken into account. Moreovenceithe
operating fluid is water, cavitation can eventuatigcur.
Besides, the main advantage of the troposkien-shafsles
on a wind turbine is the great reduction of beganoments.
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by G. J. M. Darrieus [5]. Darrieus’ patent employedet of
curved blades approximating the shape of a peyfdetkible
cable, namely the Troposkien shape. Later, verteab
designs, comprising straight bladed architectusgseared
under different names, such as “H-Darrieus” or ‘iBgl
Cage Darrieus” turbines [6].

The behavior of a vertical axis Darrieus wind orteva
turbine is characterized by the influence of dyrasiall and
also by a highly turbulent flow: since turbulenc&ys a
dominant role in the transport of mean momentum ather
parameters, it is necessary to properly resolvéutance
guantities, in order to achieve an acceptable acguin the
numerical predictions. In fact, due to the stromigriaction of
mean flow and turbulence, the numerical resultstdobbulent
flows tend to be more susceptible to grid depengdhan
those for laminar flows. The numerical marker addpto
control the grid dimension close to rotor bladesths y
parameter: it consists of a mesh-dependent dimeles®
distance that quantifies the degree of wall laysohution, in
formulas:

y'=puy/p 1)

wherep is water density, us the friction velocity, y the cell
distance from the blade profile and p is the dymawscosity
of water.

In the present work, 2D numerical simulations ofoar-
bladed Darrieus VAWaterT were performed. Five dédfe
spatial grid resolutions were investigated. Forrgviested
mesh, both average and maximufmwere analyzed, in order
to determine the optimal grid configuration andstiubtaining
the best resolution of the numerical flow field.
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Il. MODEL GEOMETRY

The main geometrical features of the analyzed reiar
summarized in Table I.

TABLE |
MAIN GEOMETRICAL FEATURES OF THE ANALYZED ROTOR

Denomination Value

Drotor [mm] 1030

Hrotor [mm] 1 (2D simulation
Blade profile NACA 002t
c[mm] 85.¢

N [] 4

Rotor azimuthal position was identified by the dagu
coordinate of blade No. 1 centre of pressure (Etat 25% of
the chord for a NACA 0025 blade profile), startibgtween

the 29 and & Cartesian plane octants, as can be seen from

Fig. 1. The main dimensions of the computationahdin are
shown in Fig. 2.

In order to obtain a fully development of the wakerreira
et al. [7] placed inlet and outlet boundary cormlif

respectively 10 diameters upstream and 14 diameters

downstream with respect to rotor test section fairad tunnel
CFD simulation. Beri and Yao [8] placed the inlenndition
only 3 diameters upwind with respect to rotor testtion,
while Shiono et al. [9] adopted a 100 rotor diamé&tagth and
10 diameters width thank. In the present work, bseeof the
huge domain width necessary to avoid solid blockagiet

* a circular inner zone, which was identified Rstor sub-
grid, revolving with rotor angular velocity.

Inlet boundary condition was set asrelocity inlet with a
constant velocity profile of 2 m/s, while outlet svaet as a
pressure outletTwo symmetryboundary conditions were used
for the two side walls. The circumference arourel ¢ircular
opening, centered on the turbine rotational axes set as an
interface thus ensuring the continuity in the flow field.

+ symmetry

o
b

_—
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@x

interface

80000
velocity inlet
pressure outlet

t
v symmetry

-38000 62000

< Lan P
Fig. 2 Main dimensions [mm] of the computationairdon

The fluid area simulating the revolution of the eraturbine

and outlet were placed respectively 37 rotor dianset was defined afRotor sub-gridand was characterized by a

upstream and 60 rotor diameters downstream withesto
the test section.

_——Blade No 1
i

WIND DIRECTION / \

©:0)

\\ //’/
\ //
Fig. 1 Rotor azimuthal position, identified by themuthal
coordinate of the centre of pressure of blade No. 1

As the aim of the present work was to reproduce the

operation of a rotating machine, the use of mowng-grids
became necessary. In particular, the discretizatbnthe
computational domain into macro-areas led to tvetintit sub-
grids:

e a rectangular outer zone,
calculation domain, with a circular opening centeos
the turbine rotational axis, which was identifies\Vdater
Tank sub-gridfixed,;

moving mesh, rotating at the same angular velogftythe
turbine. Its location coincided exactly with therccilar
opening inside th&ater Tank sub-gridrea and was centered
on the turbine rotational axis. Fig. 3 shows theinma
dimensions and the boundary conditions of Rmor sub-grid
area.

»

interface

400

wall Jy
interior

@ -0

interior

2000

interior

interior

Fig. 3 Schema of the rotor sub-grid area for agtiraded
VAWaterT (dimensions in mm)

determining the overall

All blade profiles inside therotor sub-grid area were
enclosed in a control circle of 400 mm diameteis geometry
had no physical significance, being its aim to wll@ precise
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dimensional control of the grid elements in theaactse to differences between the various meshes adoptdwipresent
the rotor blades, by adopting a first size functaperating work were concentrated in this area.

from the blade profile to the control circle itsalid a second  Three size functions were adopted inside the cboirde,
size function operating from the control circle ttee whole as shown in Fig. 5:

Rotor sub-gridarea, ending with grid elements of the samee
size of the corresponding/ater Tank sub-gricclements. An
interior boundary condition was used for control circle «
borders, thus ensuring the continuity of the cefishoth sides
of the mesh. .

A sliding mesh was adopted in order to reproduce th
rotational motion of the VAWaterT. To discretizeetffiow
field, an unstructured grid was chosen for the whol
computational domain, in order to reduce the ergging time
to prepare the CFD simulations. The mesh on balissdf the
interface(Rotor sub-gridandWater Tank sub-gricireas) had
approximately the same characteristic cell sizepider to
obtain faster convergence [10].

An isotropic unstructured mesh was chosen for Rio¢or
sub-grid in order to guarantee the same accuracy in the
prediction of rotor's performance during the revan of the
turbine (according to the studies of Commings efldl]) and
also in order to test the prediction capabilityaofery simple
grid. Considering their features of flexibility aradaption
capability, unstructured meshes are in fact vesy éa obtain,
for complex geometries, too, and often represeat “first
attempt” in order to get a quick response from @D in
engineering work. Th&®otor sub-gridmesh is represented in
Fig. 4.
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Fig. 4 View of theRotor sub-gridmesh

Being the area close to the blade profiles, gré@nton
was placed in the control circle. The computatiayrads were
constructed from lower topologies to higher onedopting
appropriate size functions, in order to clusted groints near

size function No. 1 started from the leading edgd a
influenced both inner and outer blade profile;

size function No. 2 started from the trailing edsed
influenced both inner and outer blade profile;

size function No. 3 started from the blade profied
influenced the wholeontrol circlearea.

Fig. 5 Schema of the size functions applied tontlaén control circle

elements

I1l.  TEMPORAL DISCRETIZATION AND CONVERGENCE

CRITERIA

The commercial CFD package adopted for the proposed
numerical computations was Fluent 6.3.26, whichlémgnts
2-D Reynolds-averaged Navier-Stokes equations usifiigjte
volume based solver. The fluid was assumed to be
incompressible.

As a global convergence criterion, each simulati@s run
until the difference between two following periodsf
revolution, corresponding to a rotation of 90° doerotor
four-bladed geometry, was lower than 1%. Residuals
convergence criterion for each single time step seago 10.

The simulations, performed on a 2.33 GHz clock dexgpy
quad core CPU with Hyper-Threading, were run utig
instantaneous torque values showed a deviatioressf than
1% compared with the corresponding values of thevipus
period. Total computational time was about 2 hdarseach
simulation.

IV. WALLY " STRATEGY

All the analysis performed in this work aimed at th

the leading edge and the trailing edge of the bfardédile, so determination of the optimum value of the parameter, as a

as to improve the CFD code capability of deterngrlift, drag  guidance in selecting the appropriate grid confion and

and the separation of the flow from the blade fits&ll the  corresponding turbulence models, according to temical
strategy proposed by Raciti Castelli et al. [12].
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The CFD analysis of a Darrieus water turbine shows some It can be noted that, varying the tip speed ratio, the shape of
peculiar characteristics that make the control of the y* the average y* (for the same mesh, over an entire revolution)
parameter quite difficult. The flow field around the rotor isin  remains the same.
fact characterized by huge unsteadiness, due to the continuous Depending on the boundary layer analysis settings, the
variation of the angle of incidence on the blade profile, ascan  following y* values are required [10]:
be seen from Figs. 6 and 7. Moreover, the y* parameter varies » 30 <y’ <300 for wall function based simulations, when

with the tip speed ratio, as can be seen from Fig. 8, so the the mesh is only fine enough to resolve up to the
subsequent considerations about the y* were made considering turbulent region (y" > 30 ). Values close to 30 are highly
the tip speed ratio that produces the higher power output, i.e. A desirable;

=243.

2.168+04
l 1.78e404
1408404
1.026+04
6.37a+03
2578+03
1230403
-5.03e+03
-8 84403
-1.268+04
-1.6de+04
ﬁl -2.028+04
-2 40a+04
2782404
-3.16a+04
3540404

3920404
-4.308404
-4 68a+04
5 088+04
544404

« 1<y <5 for fine enough meshes to resolve the laminar
sub-layer.

TABLEII
MAIN FEATURES OF THE FIVE TESTED GRIDS

MOD MOD MOD MOD MOD
1 2 3 35 4

Starting grid size

from airfoil 1.30 1.00 0.50 0.40 0.25
leading edge [mm]

Growth factor

from airfoil 1.08 1.08 1.08 1.08 1.08
leading edge [-]

Starting grid size

Fig. 6 Contours of static pressure [Pa] close to rotor blade No. 1 from airfoil 0.40 0.40 0.40 0.35 0.20

2168404
. 1.78e+04
1408404
1026404
6378403
25678+03
-1.232403
5036403
8840403
1268404
-1.648404
1= -2.028+04
2408404
-2.7Ba+04
-3.16a:04
3548404

3926404
-4 308404
-4,680+04
-5.088+04
5442104

(6=0°, 1=2.43)

trailing edge [mm]

Growth factor

from airfoil 1.28 1.28 1.28 1.28 1.28
trailing edge [-]

Maximum grid

size on airfoil 3.50 2.00 1.00 0.75 0.50
[mm]

Growth factor
from airfoil
surface to Rotor
sub-grid area[-]
Maximum grid
size on Rotor sub- 10 10 10 10 10
grid area [mm]

1.25 1.25 1.25 1.25 1.25

Fig. 7 Contours of static pressure [Pa] close to rotor blade No. 1

——vy+_avg, external side, A=2.16
——y+_avg, external side, A=2.43

y+_avg, external side, A=2.70

(6=90°, 1=2.43)

o Ul
160 170

-=--y+_avg, internal side, A=2.16
=== y+_avg, internal side, A=2.43

- y+_avg, internal side, A=2.70

While for stationary numerical simulations the values of y* are
only space-depending, in non-stationary computations, such as
in the case of a VAWaterT, the y* is also time-dependent. This
time-dependence is explicated by the position of the blades. As
a result, the y* parameter is a function of both rotor angular
velocity and blade azimuthal coordinate, in formulas:

Fig. 8 Evolution of the averagey* parameter along both the internal Y = (o 0 o
and external sides of rotor blade, for afull rotation of blade No. 1 and y =f(0;0) ©

for different values of the tip speed ratio (MOD3.5 mesh)
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values of the parameter don'’t offer significantoimhation,

because the flow velocity near stagnation poimsigeo zero.
Nevertheless, it's important for the* yparameter not to
descend below 30 for large zones of the bladelprofi

In order to test the code sensitivity to the numbkegrid
points, five unstructured meshes were adopted HeRtor
Sub-Grid while the Water Tank Sub-Grid remained
substantially the same. The main features of the fested
meshes are summarized in Table II.

Figs. from 9 to 13 show a comparison between thie fi
adopted spatial grid discretizations. A significalecrease of
the wall cell size can be clearly seen passing fid@D1
mesh to MOD4 mesh.

V.TURBULENCEMODEL SELECTION

Several works concerning the simulation of the flieid
around 2D VAWTSs were based on the one-equafipalart-
Almaras(S-A) and the two-equatiokse model [13] [14] [15]
[16] [17]. Ferreira et al. [7] proved that theseotmodels are
unable to properly predict the large eddies at laggles of
attack. Also Wolfe and Ohcs [18] showed ti&tandard ke
could determine inaccurate results after flow sefiam.
However, Howel et al. [19] observed that RBIG ke model
can predict flow fields involving large flow septoms more
accurately than standakek.

As observed by Yu et al. [20], for airfoil flows thi great
adverse pressure gradient and separation, the echafica
turbulence model is very important: thew SSTturbulence
model can achieve good results because of its dipadf
capturing the main flow-field characteristics irethear wall
layers and separated flow regions. In the casevoiReynolds
number, which is typical for wind turbine airfoillofvs,
laminar-to-turbulent transition is also an impottéactor that
should be taken into account, in order to more &tely
predict flow separation and skin friction drag.

k- SSTturbulence model was chosen for the present work,

because of its good capability to describe flonasapon [21]
[22] [23] which occurs in flow fields dominated adverse
pressure gradients, even if it has shown a cesesitivity to
grid size [24]. Th&k-w SSTis an enhancement of t&andard
k-w because it presents [10]:

« gradual change from ti&tandard kw model in the inner
region of the boundary layer to a high-Reynolds-nem
version of thek-e model in the outer part of the boundary
layer;

« modified turbulent viscosity formulation to accouior
the transport effects of the principal turbulenteah
stress.

Also the RNG ke model with standard wall function was
utilized as a comparison with the results obtaiwétl thek-w
SSTturbulence model.

VI. RESULTS ANDDISCUSSION

A complete campaign of simulations, based on flANS
unsteady calculations, was performed with the aifn o

Also Y maximum values are considered in this work, ifletermining the optimal spatial grid resolution fasas the ¥

order not to exceed the limit value of 100. The imium

distribution is concerned.
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The tip speed ratio, defined as: would lead to values of'ylower than 30 for a too large zone
during a full blade revolution.

A= U)'Rrotor/ A\ (3)

was varied from a value @f=0.54 (which corresponds to an
angular velocity ofo=2.1 rad/s for an incoming freestream
current of 2 m/s) td.=3.24 (which corresponds to an angular
velocity of ®=12.6 rad/s). These conditions correspond to a
range of blade Reynolds numbers, defined as:

Re =p-Rotoro-C /p 4)

varying from 9.25-1Dto 5.55-18. The dynamic viscosity
was assumed to be 0.001 Pa-s and the demsitgs set to
1000 kg/m. ; e
Fig. 14 presents the comparison between the aveyage 130 . T A 230
parameter obtained using the five grid spacingsridesd in 140 T <220
the previous section fo=2.43. It can be clearly seen that the 150 > o 210
average ¥ parameter over a revolution presents a common - s
trend with respect to the different meshes. Fotaims, the
decrease of the"yor the internal side of the airfoil, registered
during the upstream part of blade revolution §ef40°, can
be noticed for all the examined grids, as evideripethe red

180
——MOD3.5_y+avg, external side === MOD3.5_y+avg, internal side

——MOD3.5_y+ max, external side --- MOD3.5_y+ max, internal side

Fig. 15 Average and maximum values bfgr MOD3.5 and\=2.43

circle. TABLE Il
PEAK POWER COEFFICIENT PERCENTAGE DEVIATIONS WITH FEPECT TO
MOD3.5GRID
Mesh type G (>”[_:]2'43) AC, [%]
MOD3.5 0.30 -
MOD1 0.35 16.7
MOD2 0.35 16.7
MOD3 0.33 10.0
MOD4 0.22 -26.7
0.40
—-MOD1
0.35
-&-MOD2
0.30 —+—MOD3
MOD4
——MOD1_y+avg, external side === MOD1_y+avg, internal side — 0.20
——MOD2_y+avg, external side --- MOD2_y+avg, internal side Uﬂ- ' *
MOD3_y+avg, external side - MOD3_y+avg, internal side 0.15
MOD4_y+avg, external side MOD4_y+avg, internal side '
—MOD3.5_y+avg, external side === MOD3.5_y+avg, internal side 0.10
Fig. 14 Average values of yor the five adopted grid spacings
(A=2.43) 0.05
. . 0.00
From Fig. 14 it seems that the only acceptableegabf the 05 1.0 15 20 25 3.0 35

average Y are obtained with MOD3.5 mesh. MOD1, MOD?2,

Al

and MOD3 grids present’walues greater than 100, while Fig. 16 Power curves obtained with the five tegpéds as a function

MOD4 grid presents average values 6fbglow the limit of
30, in particular in the post-stall phase. Thiseskation lead
to the discharging of such grids. Fig. 15 representlose-up
on the average and maximum values of MOD3.5 méstan

of the tip speed ratio

Fig. 16 shows the values of power coefficient, miedi as:

be noticed that the average values bfaye included in the Cy= P/ (Vop-As V.2 (5)

interval from 30 to 80, approaching 30 only for #@muthal
position of about 160° and just for a few degre€he

obtained for the five analyzed grids at differeig $peed

maximum values sometimes exceed 100, but a fineshmeratios. As can be clearly seen, the results are grat
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independent, as expected choosing khe SSTturbulence
model. The percentile differences in peak powerffment
with respect to the MOD3.5 grid, are summarizedable IlI.

180
Y+_avg, k-£ RNG, MOD3 5, external side ===-=Y+_avg, k-t RNG, MOD3.5, internal side

Y+_avg, k-w SST, MOD3.5, external side  ===-Y+_avg, k-w SST, MOD3.5, internal side

Fig. 17 Average Yyparameter obtained withe RNGandk-o SST
turbulence models, MOD3.5 mesh

0.40

0.35

0.30

0.25

Cp [']

0.20

¢ N
—-MOD3.5, k-e RNG
0.15 .

=#=MOD3.5, k-w SST

0.10

1.0 15 2.0 25 3.0 35
Al
Fig. 18 Comparison between the computed powercdovdsothk-¢
RNGandk-o SSTturbulence models, MOD3.5 grid

Due to the lack of literature data, the computedgrourves
couldn’t be compared with experimental resultsa stefinitive
validation was not possible. Nevertheless, the that the
numerically predicted powercurves reproduce appneaiely
the same shape and, more important, the fact it power
coefficients are characterized by the same tip&pato, (i.e.
1=2.43), can be assumed as a clue of the adoptiarpodper
spatial resolution. Besides, Raciti Castelli et[&R] proved

that, through an accurate near-bladestyategy, it is possible

to correctly replicate the shape of the experineaotar power
curve, being the numerical code able to capturetifhepeed
ratio of maximum power coefficient.

In order to investigate the influence of the tudmde model

on the prediction capabilities of the numerical eodhe

simulations were performed also adopting tke RNG
turbulence model. The results are presented in FHgit can
be clearly seen that the values 6fduring the revolution are
not coincident, because thé gloes not depend only on the
grid size, but also by other parameters that alatieo-
dependent.

Fig. 18 shows a comparison between the curves wEpo
coefficient as a function of the tip speed ratiolfoth adopted
turbulence models: it can be seen that ke RNG over-
predict the power output, but the shape of the euiw
substantially the same. For thiee RNG model, some
simulations were done using the MOD3 grid, findthgt the
predictions in terms of Cresulted substantially the same of
that obtained with MOD3.5, confirming the low grid
sensitivity ofk-¢ models family.

VII. CONCLUSIONS ANDFUTURE WORKS

Five different grid spacings were analyzed in ortbefind
the optimal spatial discretization based on thearameter as
an indicator of the quality of the near-blade mésha 2D
vertical-axis water turbine simulation.

The choice of turbulence model, based on literatiat,
led tok-w SST Due to the unsteadiness of the characteristics
of the flow field, as the angle of attack, a diregaluation of
the y resulted impossible. For this reason, a statisticalysis
on the y parameter was performed, in order to determine the
optimal spatial grid distribution. The resultingtiopal mesh
appeared to be quite similar to that obtained bgitR@astelli
et al. [12] for a vertical-axis wind turbine.

In order to investigate the influence of the tudmde model
on the prediction capabilities of the numerical €odnother
turbulence model widely used in literature, the RNG was
tested: this model over-predicted the results efkiw SST
but the shape of the power curve resulted the samesell as
the optimal value of the tip speed ratio.

Future works should focus on the development oémiank
measurements, to definitively validate the proposesherical
simulations.
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NOMENCLATURE
A [m?] rotor swept area
c [m] chord length
Col-] water turbine power coefficient
Drotor [M] rotor diameter
Hrotor [M] rotor height
N [] rotor blade number

P [W] water turbine power output
Re [-] Reynolds number

Riotor[M] rotor radius

W [m/s] friction velocity

V., [m/s] free water velocity
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y [m] cell distance from the blade profile
y' [ Yousparameter

0[] blade No. 1 azimuthal position
A tip speed ratio

u [Pa-s] dynamic viscosity

p [kg/m’] water density

o [rad/s] rotor angular velocity

(1]

(2

(3]

[4]

(5]

[6]

(71

(8]

(9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]
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