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Abstract—This paper presents a numerical analysis of the Apart from that, energy extraction from unregulated

performance of a five-bladed Darrieus vertical-awiater turbine,
based on the NACA 0025 blade profile, for both beame shrouded
configurations. A complete campaign of 2-D simulat, performed
for several values of tip speed ratio and basedRANS unsteady
calculations, has been performed to obtain the totgque and power
curves. Also the effect of a NACA-shaped centralrbfoil has been
investigated, with the aim of evaluating the impadt a solid

blockage on the performance of the shrouded ratofiguration.

The beneficial effect of the shroud on rotor ovepalrformances
has clearly been evidenced, while the adoption ref tentral
hydrofoil has proved to be detrimental, being thsuiting flow slow
down (due to the presence of the obstacle) mudhehigith respect
to the flow acceleration (due to the solid blockagfect).
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|. INTRODUCTION AND BACKGROUND

watercourses presents several aspects in commaonwiitd

power, the main difference being the density ofemawhich is
approximately 800 times the density of air. Thisamethat a
turbine rotor for underwater applications can becimsmaller
than a wind turbine of the same rated power [3].

A way to increase the power extraction from a wondvater
turbine consists of the adoption of an augmentatttannel. If
a turbine is placed in such a channel, the velamibund the
rotor would be increased, leading to an enhancerottie
generated power [4]. Khan et al. [2] gave an owwnof some
possible geometrical solutions for a duct chanmeking
distinction between ducts for horizontal and vetdti@xis
turbines.

Gaden and Bibeau [1] investigated the use of aushto
enhance the power production of a turbine. A senés

numerical experiments, using a momentum sourceingrb

ONVENTIONAL hydroelectricity, one of the dominant model was performed, determining that the powepwutan

forms of renewable Energy, is facing a scarcitguifable
installation sites just as the need for renewalddsecoming
greater. As a consequence, alternative forms ofdpgiver
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. The main advantage of a kitstitopower
turbine consists in its possible operation withthe need of
large infrastructures, such as dams and powerhpukas
reducing both cost and deployment time. Moreovett wo
reservoir or spillways, the environmental impactmgimal
[1].

The process of hydrokinetic energy conversion iggplihe
adoption of kinetic energy contained in river sinsa tidal
currents, or other man-made waterways for the geioer of
electricity. This emerging class of
technology is being strongly recognized as a uniqnel
unconventional solution that falls within the realof both in-

land water resource and marine energy [2].An in@drt from 2.7 to 4.9 numericaly and from 2.5 to 3.75
advantage of ocean and tidal currents is that &g experimentally. The differences between numericald a

predictable power output can be achieved.
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be increased by a factor 3.1 with a diffuser modirgé the
trailing edge. Furthermore, it was found that th&uder
presents an optimum size, beyond which the powedymtion
does not increase significantly.

Kirke [5] placed a Darrieus turbine in a duct todst the
augmentation in power extraction. A performanceraéneent
by a factor of about 3 was determined when the dvad
added. Moreover, the maximum energy conversion unjed
turbines resulted not to be subjected to the Bati,Isince a
suitable shaped duct can increase the availablsyme drop
across the turbine. Besides, a duct presents $gqwerctical
advantages, including improved safety, protectiamfweed
growth, increased speed and reduced turbine anth@eaize
for a given power output.

Roa et al. [6] discussed the benefit of introduciag
renewable ewergchanneling device near a Darrieus-type cross floatew

turbine. A series of numerical and experimentallysig was
performed, determining an increment in efficiendyadactor

experimental data were attributed to 3D effectshsas blade
tip vortices and drag effects at the blade-spoketjan. It was
also proved that, if a turbine is equipped withhammeling
device, the blades harness more torque, an acteledd the
flow due to a larger absorbed stream tube is okseand the
torque distribution is smoothed over a full
revolution.Maitre et al. [7] operated a series aimerical

rotor
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analysis to optimize a symmetrical two-foiled chelimg computational domain into macro-areas led to tvatirtit sub-
device for Darrieus type cross flow water turbines. grids:

The aim of the present work is to determine theaféfthe « a

presence of a shroud near a five-bladed Darrietticabaxis
water turbine. Several numerical analyses wereopmdd for
different values of tip speed ratio. Three case®waealyzed:

1. a bare rotor configuration; .

2. a shrouded rotor configuration;

3. a shrouded rotor configuration, presenting a NACA
0060 shaped central device, in order to increase th
blockage of the water current, thus further incireagts
velocity.

rectangular outer zone, determining the overall
calculation domain, with a circular opening centeon
the turbine rotational axis, which was identifiesVélater
Tank sub-gridfixed;

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

Il. MODEL GEOMETRY

The aim of the present work is to numerically aralyhe
fluid-dynamic of a five-bladed rotor in bare andraided
configuration. The main geometrical features of tbwr are
summarized in Table I.

TABLE |
MAIN GEOMETRICAL FEATURES OF THE ANALYZED ROTOR

Denomination Value

Drotor [MM] 103C

Hrotor [MM] 1 (2D simulatin)
Blade profile NACA 0025

¢ [mm] 85.8

Rotor azimuthal position was identified by the dagu
coordinate of the pressure center of blade No.ssufaed to
be at 0.25.c for a NACA 0025 profile), startingvee¢n the
2" and & Cartesian plane octants, as can be seen froni Fig.

Fig. 2 represents the geometry of the analyzedr,roto
including the shroud, for the configuration withabe NACA
shaped central axis.

Fig. 2 Schema of shroud and rotor

Fig. 3 shows the main dimensions of Water Tank sub-
grid area. In order to allow a full development of theke,
Ferreira et al. [8] placed inlet and outlet bourydemnditions

y respectively 10 diameters upwind and 14 diametevendind
with respect to rotor test section for a wind tun@#=D
. /_,Efr Bl a1 simulation. In the present case, because of the liagnain

width necessary to avoid solid blockage, inlet aotet were
placed respectively 37 rotor diameters upwind afdr@or
diameters downwind with respect to the rotor testien.
Inlet was set as &elocity inlet with a constant velocity
profile of 2 m/s, while outlet was set apr@ssure outletTwo
\ symmetryboundary conditions were used for the two side
walls. The circumference around the circular opgnaentered
on the turbine rotational axis, was set asirgnrface thus
/ ensuring the continuity of the flow field.
/ The Rotor sub-grids the fluid area simulating the revolution
of the water turbine and is therefore characterized moving
mesh, rotating at the same angular velocity oftthbine. Its
location coincides exactly with the circular opeaninside the
Water Tank sub-gridarea and is centered on the turbine
rotational axis. Fig. 4 shows the main dimensiond ¢he
boundary conditions of theotor sub-gridarea.
All blade profiles inside theRotor sub-grid area were
As the aim of the present work was to reproduce thenclosed in a control circle of 400 mm diameterlikénthe
operation of a rotating machine, the use of mowng-grids interface, it had no physical significance: its aims to allow
was necessary. In particular, the discretization tbé a precise dimensional control of the grid elemémthe area

WIND DIRECTION (

00

Fig. 1 Azimuthal coordinate of blade No.1 centepissure

I1l.  DESCRIPTION OF THENUMERICAL FLOW FIELD
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close to rotor blades, by adopting a first size cfiom
operating from the blade profile to the controtgritself and

a second size function operating from the conticles to the
whole Rotor sub-gridarea, ending with grid elements of the
same size of the correspondMéater Tank sub griglements.
An interior boundary condition was used for control circle
borders, thus ensuring the continuity of the cefishoth sides

of the mesh.
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Fig. 3 Main dimensions [mm] of th&ater Tank sub-gridrea
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Fig. 4 Schema of thRotor sub-gridarea (dimensions in mm)

IV. DISCRETIZATION OF THENUMERICAL FLOW FIELD

A rotating mesh was adopted in order to represhat t
revolution of the VAWaterT. To discretize the fldield, an
unstructured grid was chosen for the entire domaioyder to
reduce the engineering time to prepare the CFD laiions.
The mesh on both sides of theterface (Rotor sub-gridand
Water Tank sub-gridareas) had approximately the sam
characteristic cell size in order to obtain fastenvergence

[9].

>

Fig. 5Rotor sub-gridmesh for the shrouded configuration with
NACA-shaped axis
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Fig. 6 Control circle grid

An isotropic unstructured mesh was chosen for Rio¢or

sub-grid in order to guarantee the same accuracy in
prediction of rotor’'s performance during the revn 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 ¢a 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

ig. 5, for the shrouded configuration with NACAaged
axis.Being the area close to the blade profilesagattention
was placed in theontrol circle The computational grids were

the
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constructed from lower topologies to higher onedppding

appropriate size functions, in order to clusted groints near
the leading edge and the trailing edge of the bladéile, so
as to improve the CFD code capability of deterngrift, drag

and the separation of the flow from the blade fitseable I

summarizes the main features of the mesh closetdéo blade,
while Fig. 6 represents the control circle mesly. Fi shows
the spatial domain discretization close to the stiro

L - g A
AR

Fié. 7 Spatiail domain discretization close to theosd

TABLE Il
MAIN DIMENSIONS OF THE COMPUTATIONAL DOMAIN
Denomination Value
Starting grid size from blade
. 13
leading edge [mn
Growth factor from blade leading
1.08
edge []
Starting grid size from blade
e 0.4
trailing edge [mm]
Growth factor from blade trailing
1.28
edge [-]
Maximum grid size on rotor blade 35
[mm] '
Growth factor from blade surface to
: 1.25
Rotor sul-grid area [mm
Maximum grid size ofRotor sub- 10

grid area [mm]

V.CHARACTERISTICS OF THENUMERICAL SIMULATIONS

A complete campaign of simulations, based on fANS
unsteady calculations, was performed for a fivetdth rotor
architecture characterized by a NACA 0025 profite bare
and shrouded configuration. The tip speed ratifindd as:

A =@ Rotor / Vee. 1

The dynamic viscosity was assumed to be 0.001 Pa:s, the
densityp was set to 1000 kghrand the free stream velocity

V., was set to 2 m/s.

VI. NUMERICAL SOLUTION AND CONVERGENCECRITERIA

As pointed out by Mc Muller et al. [11], the cdltion of
unsteady flows in turbo-machinery continues to @mnésa
severe challenge to CFD. During VAWaterT operatithe
unsteadiness stems mainly from the relative motbrthe
rotating blades and has a fundamental period wHegends
both on the rate of rotation and on the numberladids. For
the proposed calculations, the temporal discretizatvas
achieved by imposing a physical time step equtiedapse of
time the rotor takes to make a 1° rotation.

As a global convergence criterion, each simulati@s run
until instantaneous torque values showed a dewiatioless
than 1% compared with the equivalent values ofpiteious
period, for three consecutive periods. The per#od function
of the number of blades and corresponds to a réwalwf

72°, because of rotor five-bladed geometry. Residua
convergence criterion for each physical time stgs wet to
10°[12].

As observed by Yu et al. [13], for airfoil flows thi great
adverse pressure gradient and separation, the echafica
turbulence model is very important. Tkes SSTturbulence
model can achieve good results because of its dapadf
capturing the proper behaviour in the near wallefayand
separated flow regions. In the case of low Reynaoigwber,
laminar-to-turbulent transition is also an impottéactor that
should be taken into account, in order to more &tely
predict the flow separation and skin friction. Imetpresent
work, the chosen turbulence model was ke SST that
combines several desirable elements of the existimg-
equation models. A 2D pressure based solver waptedio
which is well suited to solve incompressible floj@. The
unsteady formulation was set to second-order intiplic

VIl. RESULTS ANDDISCUSSION

Fig. 8 represents the evolution of the power coffit,
defined as:

Co= P/ (%p-AsV.Y) ©))

as a function of the tip speed ratio, for the thesmlyzed
turbine architectures.

It can be seen that, as expected, the shroude@yomatfons
provide a better result because of the incremerthefflow
speed in proximity of the rotor. The shrouded agunfation
without the central axis provides a peak power fimeht 60%

was varied from a value @f= 0.54 (which corresponds to angreater than that of the bare configuration. Oncibr&rary, the
angular velocity ofo = 2.1 rad/s for an incoming freestreamadoption of the NACA 0060 shaped central axis deitezs a

velocity of 2 m/s) td. = 2.7 (which corresponds to an angulareduction in
velocity of ® = 10.5 rad/s). These conditions correspond to @nfiguration of about 30%. This phenomenon coull b
connected to the deceleration of the flow due & ghesence

range of blade Reynolds numbers from 9.25t40t.63-18,
The blade Reynolds number for this work was defiagd

Re = p-Roworo-C) /pn (2)

of the obstacle in the middle of the rotor.

the peak performance of the shrouded
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0.6 1 Zbare configuration It can also be noticed that the position of maxintongue
coefficient moves to higher values @f Table 1l shows the
05 1 weshrouded T values of peak torque coefficient with their copesding
e values off, and the percentile differences with respect ® th
0.4 + ——shrouded . .
configuration, with axis ///’—i—‘\ bare Conf|gurat|0n-
.Ll; 03 A
J //‘V/’ \ TABLE Il
0.2 V ALUES OF PEAK TORQUE COEFFICIENTCORRESPONDING ANGULAR POSITION
' AND PERCENTILE VARIATION WITH RESPECT TO THE BARE GNFIGURATION, A =
2.16
0.1 W
Name Ctmax[-] 0(Ctmay [°] AC:max [%0]
0.0 + T T T T i
05 10 15 2.0 25 3.0 Bare configuration 0.16 92 -
e[ Shrouded (no axis) 0.13 96 -0.19
Shrouded (with 0.09 111 -0.44

Fig. 8 Power coefficient as a function of tip speaiib

The increment of the power coefficient obtainedhwtie
shroud is not comparable with the almost 300% menr
obtained by Kirke [5]. This is due to the testedmetry of the
shroud, which is not yet optimized.

The peak power coefficient is obtained for the djpeed
ratio of A = 2.16 for all the three tested cases, as already
in [14] for the five-bladed rotor architecture.

Fig. 9 represents the torque coefficient, defined a

Ci=T/ (¥%p-A-Roor V) 4

for a single rotor blade over a full 360° revolatio

0.2
+ bare configuration
015 2
”~ m shrouded
configuration, without axis
—_— 0.1 gl 4 shrouded configuration, with
T T — R e ——
0 =
-0.05

8]
Fig. 9 Torque coefficient as a function of the dagposition of
blade No.1A =2.16

It can be seen that the maximum torque valuesemergted
during the upwind revolution of the turbine and &rimuthal
positions where rotor blades are experiencing vkigh
relative angles of attack, even beyond the stalt lias already
observed by Raciti Castelli et al. [12] for a witstbine blade.
It is also clear that the introduction of the sit@moothes the
torque coefficient in the upstream region, as \eteoved by
Roa et al. [6], and brings it to higher valueshia tdownstream
region. The introduction of the axis lowers everrenthe peak
of the torque coefficient. It is easy to see tlatthe shrouded
configuration with axis the torque falls to zero the

downstream region fof = 279°, when the blade travels

through the turbulent zone caused by the preseite axis.

axis)

Fig. 10 Contours of absolute velocity [m/s] for there
configurationA = 2.16,0 = 90°

7908400
7518400
7118400
=] 6.728+00
6.328+00

5.838+00
5.53e+00
5.14e+00
474a+00
. 4358400
3958400
356e+00
3.16a+00
2.778+00
2.37e+00
1.988+00
1.588+00
1.198+00
7908-01
3.958-01
0.002+00

Fig. 11 Contours of absolute velocity [m/s] for 8f@ouded
configuration without axisy = 2.16,0 = 90°

With the exclusion of the zones né&ar 90 and = 270 (i.e.
the two passages before and behind the axis),dhavior of
the two shrouded configurations is almost the samé the
curves representing the torque coefficient overkgs. from
10 to 12 represent the contours of absolute veglowiar the
blade passing in the forward part of the rotor 6fer90°.

The differences in the (@liagrams for the three cases can

be attributed not only to the increment in velpaitducted by
the convergent geometry, but also to the deviatioihe path-
lines caused by the walls of the shroud. This fast affects
the angle of attack seen by the hydrofoils.
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Fig. 12 Contours of absolute velocity [m/s] for gfeouded
configuration with axisj = 2.16,0 = 90°

It can be seen that the contours of velocity fer ltlare and
shrouded (without the central axis) configuratiare very
similar. On the contrary, the presence of the deiermines
lower values of absolute velocities. This can be du the
perturbation induced on the flow field by the prese of the
axis.

Figs. from 13 to 15 present a comparison of theawgs of
absolute velocity for the whole rotor area.

7518+00
7.11e+00
B.72e+00
6.020+00

5.838+00
5.53e+00
5142400
4748400
4,350+00
3.058+00
3.568+00
3.188+00
2.77a+00
2.378+00
1.988+00
1.588+00
1.19e+00
7.908-01
3.95a-01
0.00e+00

B2

Fig. 13 Contours of absolute velocity [m/s or thbole rotor area;
bare rotor configuratiory, = 2.16,0 = 90°

Fig. 14 Contours of absolute velocity [m/s] for thiole rotor area;
shrouded rotor configuratioh,= 2.16,0 = 90°

Flow acceleration due to the presence of the shoaumdbe
clearly seen from Fig. 14, while the deceleratedezbehind
the axis (that produces the fall to zero of thejter coefficient

a 3D diagram of the velocity in the rotor zone regented.
Thanks to the introduction of the shroud, the vigyom the
rotor zone is clearly increased (as can be seen the green
area in Fig. 17).

7908400
7518400
7.118+00
6.728+00
6.328+00

7.90e-01
3.950-01
0.002+00

Fig. 15 Contours of absolute velocity [m/s] for thikole rotor area;
shrouded rotor configuration with axis= 2.16,0 = 90°
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Fig. 16 Three-dimensional representation of thelaibs velocity
field [m/s] in proximity of the rotor; bare rotopnfiguration,
1 =2.16,0 =90°

. »

The low velocity zone caused by the presence ofattie
can be observed in Fig. 18. On the contrary, tterdhzones
present high values of velocity (as can be seem fitee red
areas), produced by the blockage induced by the ABGG0
shaped axis.

Fig. 19 presents the trend of the radial comporérithe
fluid-dynamic resultant force on a single blade roge entire
revolution. This component of the hydrodynamic éodpesn’t
produce any effect on the torque of the rotor,itsudmplitude
can cause bending loads on rotor blades. It caeée that the
introduction of the shroud does not determine aggificant
changes in the amplitude of the radial force in dipstream
region, while some increments are registered
downstream region. Again, a drop q¢f iR the passage behind
the axis can be noticed for the shrouded configumatvith
axis. In the remaining positions, the forces foe ttwo

for 6 = 279°, see F|g 9) can be seen from Flg 15. Th.g’]rouded architectures over|ap_

phenomenon is highlighted also in Figs. from 18.8p where

in the

561



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:6, No:3, 2012

m2530
2.0-2.5

1.5-2.0

= 1.07 1:0:95
+ 078
T 0.49
+ 0.19
£ -0.10
~* -0.39
+ -0.68
- -0.97
T .26

‘ B05-1.0
3.0 - 5

' / i m0.005
25 - :

=
2.0
\A. \

50
1.0 -

0.5
0.0 4+

/R[]

V[m/s]

b o o 9 & H H o L
PN NN NN

y/RI[-]
Fig. 17 Three-dimensional representation of thelaits velocity
field [m/s] in proximity of the rotor; shrouded ostconfiguration,
A=2.16,0 = 90°
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Fig. 18 Three-dimensional representation of thelaibs velocity
field [m/s] in proximity of the rotor; shrouded ootconfiguration
with axis,A = 2.16,0 = 90°

VIII. CONCLUSIONS ANDFUTURE WORKS

Two-dimensional numerical simulations of a vertieads
water turbine in bare and shrouded configurationsrew
performed, in order to determine the incrementesfgrmance
due to the presence of the shroud. A NACA-shapehidigil,
representing the central axis of the rotor, waseddd order to
determine the effect on the overall performancehef rotor.
The result of the introduction of the shroud wasramement
in the power coefficient of 60% with respect to thare
configuration. The introduction of the axis lowerdte
performance of 30% with respect to the simple sthedu
configuration.

The toque coefficient was smoothed by the intradacof
the shroud in the upwind phase, but its amplituede been
increased in the downstream region. The configomatiith
the NACA-shaped central axis presented a markeg ofthe
performance in the passage behind the axis ifBe#f.contours
of absolute velocity close to rotor blades do noéspnt

significant differences between the bare and theusted
configuration for6 = 90°. On the contrary, the introduction of
the axis caused a change in the contours of vg|quérturbing
the flow in front of the rotor.

As expected, the velocities close to the rotorltedumuch
higher for the shrouded configurations. The intiithn of the
axis produced a slightly increment of velocity dwe tlateral
sides of the shroud, but the overall performancsulted
unsatisfying. The radial component of the fluid-dgmc force
did not suffer of notable changes with the intradhre of the
shroud in the upstream region, and resulted ineck@s the
downstream region.

Future work can be focus on the optimization of the
geometry of the shroud, in order to enhance théopeance
of the system shroud-rotor. Also some combineddflui
dynamic and structural work can be done in ordefeti@rmine
the optimal dimension of the axis, obtaining thetiropl
compromise between performance of the rotor anditygof
the structure.
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NOMENCLATURE
Aq[m?] rotor swept area
c[m] chord length
Cil] water turbine torque coefficient
Cimax [] maximum water turbine torque coefficient
Col-] water turbine power coefficient
Drotor [M] Rotor diameter
Fa [N] fluid-dynamic radial force
Hrotor [M] rotor height
P [W] water turbine power output
Re [-] Reynolds number
Riotor[M] rotor radius
T [Nm] water turbine torque output
V., [m/s] free water velocity
0[] azimuthal position of blade No. 1 center of
pressure
0(Cimay [°] angular coordinate of maximum torque

coefficient

AC; max [%0] torque coefficient percentage deviation
A tip speed ratio
u [Pa-s] dynamic viscosity
p [kg/m?] water density
6 [] rotor solidity
o [rad/s] rotor angular velocity
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