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Abstract—This paper presents a means for reducing the torque
variation during the revolution of a vertical-axis water turbine
(VAWaterT) by increasing the blade number. For this purpose, two-
dimensional CFD analyses have been performed on a straight-bladed
Darrieus-type rotor. After describing the computational model and
the relative validation procedure, a complete campaign of
simulations, based on full RANS unsteady calculations, is proposed
for athree, four and five-bladed rotor architectures, characterized by
a NACA 0025 airfoil. For each proposed rotor configuration, flow
field characteristics are investigated at several values of tip speed
ratio, allowing a quantification of the influence of blade number on
flow geometric features and dynamic quantities, such as rotor torque
and power. Findly, torque and power curves are compared for the
three analyzed architectures, achieving a quantification of the effect
of blade number on overall rotor performance.

Keywords—Vertical-Axis Water Turbine, rotor solidity, CFD,
NACA 0025

|. INTRODUCTION AND BACKGROUND

HE original concept of the Darrieus turbine was patented

in the USA in 1931. Its aim was to produce wind energy
for electrical power generation [1]. Darrieus patent employed a
set of curved blades approximating the shape of a perfectly
flexible cable, namely the Troposkien shape [2]. Later, vertical
axis designs, comprising straight bladed architectures,
appeared under different names, such as “H-Darrieus’ or
“Squirrek Cage Darrieus’ turbines [3]. Modifications of the
Darrieus turbine to extract energy from rivers and tidal streams
rather than wind has attracted a number of international
researchers, leading to a growing interest in Darrieus-type tidal
or current turbines, which may operate in river, tidal or marine
current flows by directly converting the kinetic energy of the
free stream into electricity with no need for a static pressure
head across the turbine [4]. With respect to the traditional
Hydroelectric power plants, Darrieus water turbines have the
advantage of simplicity. In fact, in contrast to conventional
hydroelectric turbines, where an artificial water-head is created
using dams (for large-hydro) or penstocks for (micro-hydro),
hydrokinetic converters, which convert the kinetic energy of
moving river or tide water into electrical energy, are
constructed without significantly altering the natural pathway
of the water stream [5].
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For the development of water turbines, much can be learned
from experience with wind turbines, even if different operating
boundary conditions, like fluid density and kinematic
viscosity, must be taken into account. Besides, since the
operating fluid is water, cavitation can eventually occur.
Moreover, the main advantage of the troposkien-shaped blades
on awind turbine, consisting in the great reduction of bending
moments, is largely lost in water because, unlike the air, water
dynamic forces on blades typically exceed centrifugal forces,
so the blades are in compression and will tend to buckle on the
upstream pass [6].

As pointed out by Kirke and Lazauskas [6], one of the
disadvantages of the Darrieus water turbine is the shaking. In
fact, fixed pitch Darrieus turbines tend to vibrate, due to the
cyclical variation of the angle of attack, with each blade
experiencing two peaks in both radial and tangential force per
revolution. The variation in tangential force affects the
transmission while the variation in radial force affects the
support structure, and if this frequency coincides with the
natural frequency of the support structure it can be destructive.
One method to reduce the torque oscillations and the intensity
of the radia fluid-dynamic forces is to increment the blade
number, as presented in this work.

Kyozuka [7] investigated the adoption of a Darrieus water
turbine for tidal current power generation, verifying that,
thanks to the higher density of water, the current can have a
velocity much lower than air to produce the same amount of
energy. In fact, since the density of water is 800 times greater
than air density and the power of the flow is proportional to
the cube of the fluid velocity, the power of an ocean current of
2 knotsisequal to awind flow of 9 m/s.

Khan et a. [8] provided a comparison of hydro and wind
turbines, observing that wind turbines are usually designed to
operate with rated wind speed of 11-13 m/s. On the contrary,
river turbines with augmentation channels, adopted with the
am of enhancing the total volumetric water flow and
subsequent power output, could be designed for effective
water velocities of 1.75-2.25 m/s or even higher, depending on
the site resources. This suggested the possibility of a higher
energy generation capacity potential of a river turbine,
compared to an equally sized wind energy conversion system.

The main geometrical characteristics of a Darrieus water
turbine are the blade shape, the number of blades and
consequently the solidity, defined as:

c=Nc/ Rr()tor (l)

where N is blade number [-], ¢ is blade chord [m] and Rqor IS
rotor radius [m]. As pointed out by Howell et a. [9], solidity is
one of the main parameters dictating the rotational velocity at
which the turbine reaches its maximum performance: through
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experimental studies, the behavior of both two @mcke-
bladed VAWTs was compared, proving that the twaléth
configuration was able to generate an higher pahan the
three-bladed architecture.

Li and Li [10] made a series of numerical analytis
investigate the effect of solidity on a straighaddd vertical
axis wind turbine, changing both blade chord anddél
number. It was registered that VAWTs characteribgda
large solidity were able to achieve the maximum @owat
lower tip speed ratio. However, a too large solidiétermined
a decrease of the power coefficient. Furthermorendor the
same solidity, the different combination of bladember and
chord affected the power performance of VAWTSs dyedthe
same behavior can be assumed for a VWaterT: invthik,
two-dimensional CFD simulations of the flow fieldoand
tree-bladed, four-bladed and five-bladed Darrico®rs are
performed, with the aim of determining the influeraf blade
number on the performance of the turbine. The Eoiatare
obtained using unstructured moving grids, rotatwith the
same angular velocity of rotor blades. For eagffigaration,
the flow field characteristics are investigatedseeral values
of the tip speed ratio, in order to analyze thenges in rotor
power-curves due to the variation of blade number.

Il. MODEL GEOMETRY

The aim of the present work is to numerically arnalyhe
aerodynamic behavior of a three, four and five-bthd
Darrieus VAWaterT operating at different angulatoedies,
for a constant current of 2 m/s. The main geomatfieatures
of the examined rotors are summarized in Table I.

TABLE |
MAIN GEOMETRICAL FEATURES OF THE ANALYZED ROTORS
Denomination Value
Drotor [MM] 103
Hrotor [MM] 1 (2D simulation
Blade profile NACA 0025
¢ [mm] 85.8

Blade No 1

WIND DIRECTION /

0:0)

Fig. 1 Azimuthal coordinate of blade No.1 centepafssure

As the aim of the present work was to reproduce the
operation of a rotating machine, the use of mownbg-grids
was necessary. In particular, the discretization tbé
computational domain into macro-areas led to tvetirtit sub-
grids:

e a rectangular outer zone, determining the overall

calculation domain, with a circular opening centeosn
the turbine rotational axis, which was identified a
Domain sub-gridfixed;

* a circular inner zone, which was identifiedRwtor sub-

grid, rotating with rotor angular velocity.

Fig. 2 shows the main dimensions of themain sub-grid
area.

In order to allow a full development of the wakerifeira et
al. [12] placed inlet and outlet boundary condition
respectively 10 diameters upwind and 14 diametevendind
with respect to rotor test section for a wind tun@#D
simulation. In the present study, due to the hugmain width
necessary to avoid solid blockage, inlet and owikste placed
respectively 37 rotor diameters upstream and 6@rrot

DESCRIPTION OF THENUMERICAL FLOW FIELD

The solidity parametess was defined as suggested bydiameters downstream with regard to the rotor sesftion.

Strickland [11]. For the candidate three, four dind-bladed
rotor configurations, its values are respectively, .67 and
0.83.

Rotor azimuthal position was identified by the dagu
coordinate of the pressure centre of blade Noeld50.25-c
for NACA 0025 airfoil), starting between the™2and &
Cartesian plane octants, as can be seen from Fig. 1

Inlet was set as eelocity inlet with a constant velocity profile
of 2 m/s, while outlet was set as paessure outlet Two
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-gridarea was characterized by a moving
mesh, rotating at the same angular velocity ofttibine. Its
location coincided exactly with the circular opaninside the
Domain sub-grid area and was centered on the turbine
rotational axis. Fig. 3 shows the main dimensiond #he
boundary conditions of th&®otor sub-gridarea. All blade
profiles inside this area were enclosed in a cértircle of
400 mm diameter. Unlike thinterface it had no physical
significance: its aim was to allow a precise dinienal control
of the grid elements in the area close to rotoddda by
adopting a first size function operating from tHade profile
to the control circle itself and a second size fiamcoperating
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from the control circle to the whol®otor sub-gridarea, very simple grid. Considering their features okiftélity and

ending with grid elements of the same size of thadaption capability, unstructured meshes are ihviary easy

corresponding Domain sub-grid elements. An interior to obtain, for complex geometries, too, and ofegresent the

boundary condition was used for control circle os] thus “first attempt” in order to get a quick responsenirthe CFD

ensuring the continuity of the cells on both sidethe mesh.  in engineering work. Th&®otor sub-gridmesh is represented
in Fig. 4 for the five-bladed turbine architecture.
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TABLE Il

MAIN GEOMETRICAL DIMENSIONS OF THE COMPUTATIONAL DOMIN

interior

Denomination Value

2000

interior

Starting grid size from airfoil leading edge [ 13
Growth factor from airfoil leading edg-] 1.0¢
Starting grid size from airfoil trailing edge [m 0.4
Growth factor from airfoil trailing edge-] 1.2¢
Maximum grid size on airfoil [mm] 3.5
Growth factor from airfoil surface tRotor sub-grid  1.25
area [mm]

Maximum grid size on Rotor sub-grid area [mm] 10

interior

Fig. 3 Schema of thRotor sub-gridarea [mm] for three-bladed
VAWaterT architecture

IV. DISCRETIZATION OF THENUMERICAL FLOW FIELD

A sliding mesh was adopted in order to reproduce th
rotational motion of the VAWaterT. To discretizeetffiow
field, an unstructured grid was chosen for thererdbmain, in
order to reduce the engineering time to prepare GR®
simulations. The mesh on both sides of the interf@otor
sub-grid and Domain sub-gridareas) had approximately the
same characteristic cell size, in order to obtaaster
convergence [13]. An isotropic unstructured mesh wlaosen
for theRotor sub-grid in order to guarantee the same accuracy
in the prediction of rotor's performance during ttesolution
of the turbine (according to the studies of Comrairg al.
[14]) and also in order to test the prediction dalityt of a
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Being the area close to the blade profiles, gréinton
was placed in the control circle. The computatiayréds were
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 bladdile, so
as to improve the CFD code capability of deterngrift, drag
and the separation of the flow from the blade fitseable |
summarizes the main features of the mesh closetéo blade,
while Fig. 5 represents the control circle mesh.

V.NUMERICAL CODE SETTINGS AND TURBULENCE MODEL
SELECTION

As observed by McMullen et al. [15], the calculatiof
unsteady flows in turbomachinery continues to prese
severe challenge to CFD. During VAWaterT operatitre
unsteadiness stems mainly from the relative motérthe
rotating blade and has a fundamental period whigbedds
both on the rate of rotation and on the numberladds. For
the proposed calculations, the temporal discretinaivas
achieved by imposing a physical time step equéiedapse 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 dewiatifoless
than 1% compared with the equivalent values ofptfevious
period, for three consecutive periods. The periesulted a
function of the number of blades, corresponding &o
revolution of 120°, 90° and 72° respectively foreth, four and
five-bladed rotor architectures. Residuals convecge
criterion for each physical time step was set to° 18s
suggested by Raciti Castelli et al. [16].

As observed by Yu et al. [17], for airfoil flows thi great
adverse pressure gradient and separation, the echafica
turbulence model is very important. Thes SSTturbulence
model can achieve good results because of its dapatf
capturing proper behaviour in the near wall layensd
separated flow regions. In the case of low Reynaldsbers,
laminar-to-turbulent transition is also an impottéactor that
should be taken into account, in order to more w@tely
predict the flow separation and skin friction. Imetpresent
work, the chosen turbulence model was e SST that
combines several desirable elements of the existimg
equation models. A 2D pressure based solver waptedo
which is well suited to solve incompressible flojt8]. The
unsteady formulation was set to second-order intplic

VI. RESULTS ANDDISCUSSION

Fig. 6 represents the evolution of the power cokeffit of
the three analyzed rotor architectures, defined as:
C, =P/ (%pAV. ) )
as a function of the tip speed ratio, for an inoidevater
current of 2 m/s. As can be clearly seen, the pegkower
coefficient lowers and moves towards lower tip speatio
with the increase of rotor solidity. This meanstthalarger
number of blades allows the shifting of the maximpawer

coefficient for lower angular speeds, but is pamalias far as
efficiency is concerned.

0.5

--N=3

-+N=4
0.4

—~-N=5

R
R4 \
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Al

Fig. 6 Rotor power coefficient as a function of theespeed ratio

35

The peak power coefficients registered for the dhre
analyzed rotor configurations are presented in &abl.
Adopting the power coefficient of the three-bladerbine as a
reference, a 6% performance decrease is regisferethe
four-bladed configuration, while the five-bladedcchatecture
exhibits a 14% lowering in the performance. Theugadf the
optimal tip speed ratio is lowered of 10% for tlerfbladed
configuration and of 20% for the five-bladed arebtture. The
reduction of the optimal tip speed ratio appearbac much
important issue for a water turbine than it couddfor a wind
turbine, because it is connected with the cavitatio
phenomenon, which appears at high values of blaugential
velocity.

TABLE lll
PEAK POWER COEFFICIENTS AND CORRESPONDING TIP SPERBTIOS FOR THE
THREE CANDIDATE BLADE ARCHITECTURES

N ['] XCp,max Cp,max
3 2.70 0.36
4 2.43 0.34
5 2.16 0.31
0.25
0.20
-
0.15 x
— % o
ol L Y
o %
O o010 A ¥ eN=3
mN=4
0.05
N=5
0.00
0 20 40 60 80 100 120
e[°]

Fig. 7 Rotor torque coefficient as a function & imgular position of
blade No. 1 (single period plotted), optimal tiegd ratio x=2.70
for N=3,1=2.43 for N=4=2.16 for N=5)
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TABLE IV
AVERAGE, MAXIMUM AND MINIMUM VALUES OF THE TORQUE COEFFICIENT
FOR THE THREE ANALYZED ROTOR CONFIGURATIONS

N ['] Ct,avg [‘] Ct,max ['] Ct,min [‘]
3 0.14 0.23 0.05
4 0.14 0.17 0.12
5 0.15 0.17 0.13
0.25
0.2
—N=3
0.15 SN S i L =N=4
= 01 “*=N=5
o
0.05
0 T T T T
50 100 150 00 250 300 3
-0.05
-0.1
0[]

Fig. 8 Instantaneous torque coefficients of blade Nas a function
of its azimuthal coordinate, optimal tip speeda&i=2.70 for N=3,
1=2.43 for N=4=2.16 for N=5)

Fig. 9 Contours of absolute velocity [m/s] closétade No. 1 for the
angular position of maximum torque coefficiebt92°), N=3,
A=2.70

Fig. 7 shows the torque coefficient, defined as:
C=T/ (pARw0V.") ®)

as a function of the angular position of blade No(only a
single period of revolution is represented for eaolor
configuration). As can be clearly noticed, with therease of
rotor blade number, the torque coefficient pealbe lower
and the frequency of the oscillations in the torgumcreased,
due to the higher number of periods during a fator
revolution. The average, maximum and minimum vabfeS,
for the three analyzed rotors and for the tip spesibs of
maximum power coefficient, are represented in TdWlelt
can be seen that the increase of blade numberntags a
reduction in the oscillations of the torque coedfit, while its
average value remains almost constant.

Fig. 8 shows the relation between the azimuthaitiposand
the torque coefficient of blade No. 1. It can bers¢éhat the

maximum torque values are generated during theregost
revolution of the turbine and for azimuthal posisowhere
rotor blades are experiencing very high relativgles of
attack, even beyond the stall limit, as alreadyeol=d by
Raciti Castelli et al. [16] for a wind turbine aiiff The angular
position of maximum instantaneous torque coefficisn92°
for all the three examined cases.

Fig. 10 Contours of absolute velocity [m/s] closétade No. 1 for
the angular position of maximum torque coefficig#92°), N=4,

A=2.43

9.50e+00

g

8.

7.80e+00
7.13e+00
B.55e+00
B.18e+00
5.70e+00
5.22e+00
4.75e+00
4.28e+00
3.80e+00
3.33e+00
2.85e+00
2.38e+00
1.90e+00]
1.42e+00]
9.50e-01
4.76e-01
0.00e+00

Fig. 11 Contours of absolute velocity [m/s] closétade No. 1 for
the angular position of maximum torque coefficig@92°), N=5,
A=2.16

Fig. 12 Contours of absolute velocity [m/s] for thisole rotor for the
angular position of maximum torque coefficieft: ©2°), N=3,
A=2.70

The contours of absolute velocity around the biide 1,
for the position of maximum torque coefficient afat the
three analyzed rotor configurations are shown gsFb, 10
and 11. As can be clearly seen, no significantati@mns are
registered.

Figures 12, 13 and 14 represent the contours dflates
velocity for the whole rotor area. Again, no siggaft
variations are registered; probably due to the faat the tip
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speed ratios of optimum power coefficient resultelhtively
close each other.

Fig. 13 Contours of absolute velocity [m/s] for thiole rotor for the
angular position of maximum torque coefficiebt ©2°), N=4,
A=2.43

Fig. 14 Contours of absolute velocity [m/s] for thiole rotor for the
angular position of maximum torque coefficietst 92°), N=5,
1=2.16

1000

500

-500

Fr[N]

-1000 +

-1500 +

-2000

-2500

e[’

Fig. 15 Hydro-dynamic radial force on a single lel@s a function of
the azimuthal coordinate (the force is considesedemative if the
airfoil is pushed towards the rotor axis), optiriplspeed ratio
(A=2.70 for N=3=2.43 for N=4)~=2.16 for N=5)

Figure 15 shows the effect of the increment of ladmber
on the hydro-dynamic radial force acting on blade N over
an entire revolution. This component of the resultiorce
acting on the airfoil does not produce any effecttee torque
of the rotor, but its amplitude can cause strutamages. As
can be clearly seen, the increment of blade nurableieved a
reduction of the peak of the radial force. Tabl@résents the
values of the maximum radial force and the varmatwith
respect to the radial force obtained for the thslseled rotor
(as the aim of this work is to investigate the effef the blade

number on the fluid-dynamic of the blade, the dargal force
has been neglected).

TABLE V
PEAK ABSOLUTE VALUES OF MAXIMUM RADIAL FORCE AND PERCENT&E
DIFFERENCES WITH RESPECT TO THE THREE BLADED ROT@RNFIGURATION

N ['] Fr,max [N] AFr,manx [%]
3 -2335.3 -

4 -1944.5 -16.7

5 -1627.2 -30.3

VII. CONCLUSIONS ANDFUTURE WORK

A full campaign of numerical analyses was perfornied
order to investigate the effect of blade number tbe
performance of a straight-bladed VAWaterT. The aidopof
a higher number of blades allowed to reach the mmaxi
power coefficient for lower angular velocities, bwias
penalized as far as efficiency is concerned. Theented
percentage differences between peak-power cogfficie
resulted quite similar to that obtained by Racitis@lli et al.
[18] [19] for a vertical-axis wind turbine: in facthe fluid-
dynamic effect obtained increasing the blade numésulted
similar to what occurs with the inclination of arek-
dimensional blade.

It was proved that VAWaterTs with a large numbeblaides
can reduce torque fluctuations and minimize viloradi
Nevertheless, turbines with blades inclined toftbw can also
reduce or overcome the vibration problem becausalebl
profiles do not stall along their full length sirtaieously:
further work should be done, in order to analyzedbmbined
effect of the increment in blade number and blamdiriation,
through a series of complete three-dimensionalyaisal

Also the torque coefficient of the rotor preseraddwering,
passing from three to five blades, while the fremye of
torque oscillations increased.

Small differences were
analyzed rotor architectures, in the flow fieldsgao a single
hydrofoil for the position of maximum torque coefént. This
phenomenon can be due to the proximity of thepiges ratios
at which the peak of torque occurs.

Finally, it was proved that, increasing the blademher
leads to a reduction of the hydro-dynamic radiatéoon rotor
blades, which is much desirable from a structueabpective.
Further analysis should be done to investigatectirabined
effect of hydro-dynamic radial force and centrifuf@ce on
the structural behaviour of rotor blades. Also percentile
differences in normal force passing from threeite blades
resulted similar to that obtained by Raciti Castdlil. [18].
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2 and Energy Journalol. , .

N [] number of blades [18] M. Raciti Castelli, S. De Betta and E. Benini, “&t of Blade Number
P [W] water turbine power output on a Straight-Bladed Vertical-Axis Darrieus Wind rifime”, World
Re [] Reynolds number Academy of Science, Engineering and Technoltgpue 61, January

: 2012, pp. 305-311.

. . Raciti Castelli, E. Benini, Effect of Blade tion Angle on a

Rrotor [M] rotor radius [19] M. Raciti Castelli, E. Benini, Effect of Blade litction Angl
T [Nm] water turbine torque output Darrieus Wind TurbineJournal of TurbomachineryMay 2012, Vol.
V,, [m/s] free-stream current velocity 134, 031016-1-10.
0[°] azimuthal position

AF max[%]  maximum radial force percentage deviation
with respect to rotor three-bladed configuration

A tip speed ratio

u [Pa-s] water dynamic viscosity

p [kg/m’] water density

o [] rotor solidity

o [rad/s] rotor angular velocity
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