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ABSTRACT: Returning blades of Savonius vertical axis wind turbines make negative effects on
the total moment produced by the turbines especially at high tip speed ratios. For hybrid Darrieus-
Savonius vertical-axis wind turbines at the dynamic mode, with tip speed ratio increment from self-
starting to that of high values, returning blades of its Savonius part make the whole part to produce
negative moment. In the present work, in order to reduce negative effects of returning blades of Savonius
vertical-axis wind turbines and consequently improve its aerodynamic performance, a wall is placed
in front of them. Several configurations including two types of blade shapes with three types of wall
placements are simulated three-dimensionally and their output-moment and moment fluctuations are
computed for one complete cycle. Desired Savonius vertical-axis wind turbine with suitable wall which
produces the most average-moment and the least moment fluctuations are mounted on a straight-blade
Darrieus vertical-axis wind turbine and they formed a hybrid vertical-axis wind turbine. In comparison
to straight-blade vertical-axis wind turbine, at the tip speed ratio of 0.9 proposed hybrid vertical-axis
wind turbines produces 2.3% more average-moment along with 40% fewer moment fluctuations. This
means in term of tip speed ratio values, proposed hybrid vertical-axis wind turbine has wider operating
range in comparison to its general types.
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1. INTRODUCTION

Straight-blade Darrieus Vertical-Axis Wind Turbines
(VAWTs) suffer from self-starting problem [1]. Many
researchers propose hybrid turbine VAWTs which combine
Savonius and Darrieus VAWTs together in order to increase
their start-up moment. Although this configuration improves
the self-starting performance of the turbine, Savonius part of

3. TURBINES GEOMETRY

Generally, two shapes of Savonius blade (Types 1 and
2) with three types of wall placement (Types 4, B, and C)
are simulated. Wall of type 4 is located in the line of turbine
center and type C has 0.3 m distance from that.

Turbines rotate in the positive direction of Z-axis. The
azimuth angle is defined in the X-Y plane and is set equal to

the hybrid turbine reduces the total moment produced by the
whole turbine at high tip speed ratios (TSRs) [2, 3].

In the present numerical simulation, in order to reduce
the negative effects of returning blades of Savonius VAWTs
and consequently improve its aerodynamic performance, a
wall is placed in front of them. Desired Savonius VAWT with
suitable wall which produces the most average-moment and
the least moment fluctuations are mounted on a straight-blade
Darrieus VAWT and they formed a hybrid VAWT.

zero on the Y-axis. At each cycle of the turbine, azimuth angle
increases from 0° to 360°, counterclockwise. Figs. 1 and 2
show geometrical specifications of turbines B/ and B2 while

Wall: Type B
Turbine blade: Type 1

2. GOVERNING EQUATIONS AND NUMERICAL
MODELING

Transient three-dimensional incompressible turbulent
flow is simulated using the sliding mesh technique by the
solution of RANS! equations with finite volume method.
Using recommendations of most researchers, turbulence
model k- w SST is utilized.

Turbine Rotation

Flow Direction

1 Reynolds Averaged Navier-Stokes

*Corresponding author’s email: a.abdolahifar@aut.ac.ir Fig. 1. Savonius turbine of B1.
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Fig. 2. Savonius turbine of B2.

their second blades are located at azimuth angle of 90°. The
maximum radius of wall is equal to R=1 m and its height is
equal to Savonius blades, 0.4 m.

4. COMPUTATIONAL DOMAIN AND GRID
GENERATION

As shown in Figs. 3 and 4, solution domain is a rectangular
cube, including stationery and rotating zones. Constant free
stream velocity of 7 m/s along X-axis and static pressure at sea
level condition of standard atmosphere have been applied at
the inflow and outflow boundaries, respectively. Unstructured
grid with about 5.3e+6 control volumes is generated within
the domain, except close to the turbine blades, the wall and
over the rotating zone where structured grid is generated.

5. VALIDATION

The experimental data of Elkhoury et al [4] and Fujisawa
[5] are used to validate present simulation results for Darrieus
and Savonius turbines, respectively. As shown in Fig. 5
according to total errors of less than 4%, good agreement is
obtained.
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Fig. 3. The computation domain.
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Fig. 4. The rotating zone and wall.
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Fig. 5. Validation of the present simulation using Refs. [4, 5].

6. RESULTS AND DISCUSSION

After investigation of the total moment produces by each
of the six cases of turbines and walls, the important results
are presented. As seen in Fig. 6, the wall clearly has improved
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Fig. 6. Savonius turbines of B and B2 at 60 rpm.
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total moment produced by Savonius turbine at 60 rpm. This
means using proper wall has been made this rotational
speed to come into the performance range of the turbine. In
comparison to no wall type, configuration of B2 has better
performance with 164% more average of total moment and
48% less total moment fluctuations.

To perform smoother in terms of the total moment, an
overlap of 0.1 m for turbine blades of B2 is selected, according
to Fig. 7. Results show that the overlap makes turbine B4 to
produce 2.6% more average of total moment with 40% less
total moment fluctuations.

According to results of Fig. 8, turbine of B4 produces
222% more average of total moment with 48% less total
moment fluctuations. This turbine is chosen for Savonius
part of hybrid turbine. As seen in Fig. 9, Savonius turbine
of B4 is mounted on a three-blade straight Darrieus VAWT
with the same radius of Savonius part and height of 1.15
m. NACAO0021 airfoil section with chord length of 0.3 m
is selected for straight blades. As about the TSR, 60 rpm is
equivalent of 0.9.

Wall: Type B d
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Flow Direction

Fig. 7. Savonius turbine of B4.
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Fig. 8. Savonius turbine of B4 at 60 rpm.

Fig. 9. Proposed hybrid turbine.
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Fig. 10. Comparison of the straight-blade VAWT and proposed
hybrid turbine at 60 rpm.
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The total moment produced by the proposed hybrid
VAWT is compared with a three-blade straight Darrieus
VAWT with the same radius and height (1 m and 1.6 m
respectively) at mentioned TSR. According to results of
Fig. 10, at the TSR of 0.9, the hybrid turbine produces 2.3%
more average of total moment with 40% less total moment
fluctuations.

7. CONCLUSION

Using the proper wall and Savonius blades, make the
whole hybrid turbine to still work in TSR values around 0.9
and this is the high limitation of performance range of the
hybrid turbine without any negative effects from Savonius
part. Clearly according to results, conventional hybrid
turbines cannot perform in aecrodynamic performance as good
as the proposed turbine.

As about the wind direction-dependent of the hybrid
turbine, this can be simply solved using a simple blade to
work as a vertical stabilizer.
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Fig.6: Geometrical specifications of the Savonius turbine and the wall, type of 42.
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Fig.7: Geometrical specifications of the Savonius turbine and wall, type of B2.
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Fig.8: Geometrical specifications of the Savonius turbine and the wall, type of C2.
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Table 1: The five points coordinates located on the curve of wall.
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Fig.9: The computational domain, rotationg zone and wall.
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Fig. 10: Top view of generated gird at the plane of Z=0. a) Rotating zone and the wall, b and c) structured grid generated
at the interface and on the wall and turbine blades.
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Table 2: Results of domain size study for the Savonius turbine at the static mode. (" domain finally chosen).
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Fig.11: Grid and time independency study. (a) grid, (b)
time.
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Table 3: Maximum and averages of Y™ values on the
Savonius turbine blades.

Y ' lhuge Y7 oacsn
0/73 2/75 Jol aes
0167 2/46 Py 48
0/6 2/111 g 4SS

ole, Y * 03guaze A5l A 4 (5l o Sl ol Jow 5l eslasal
9% A0 E95 e JS HoleaS (@) VY S LYV el sus
Glil s asias s (gl as oy j90 #r Jligo ey o 15 0)lgno
Ogeen TIV L pgo Al ams oo GLiS (88 (A5 52 JulS 590 90
@ Cond JS 55LiS 10 00,0 0 31 S lawgie OSIL g Jolw
33,5 Ll Collas 4Ll lgrsay i 4D
2 el o)lend e (e slp Al cnl ceul S a0
A o)‘ﬁ.b la a‘).o.ib as ‘S’IQQL-M} ‘5‘)4 o)‘}l.é g_i.nb).v ‘57194
O plyo)lees ol o slaaSiis Jobu olaws 5 098 g0 (Slwle
(eled aSl conds QLll Jloj p8 o g camlive g 1 yolaiedy
ool geloed gloy pl8 9o b Joko youkeo FI¥ Lojlass sy
2 slaS S a4 azgi LSS 8 ) 090 5 4l
Yl yieS oo GBI L sl o/- ) Sloj a8 () VY JSSS
Al Glgieds ca il ofe e 00 Sloy pl5 4 Cond JS 15liS o 0oy

s Ll Y0
5 ol om0 Gl Iz Cwend gy (il
Ol 5 5,55l gy (2,25 @l el ouls plowl usiigl
03 S Ly S ) poriine 03 syl o8 1y [V
o8 Sl Vel s Gragsy 228 @l 515 O 6 -1
el 0als oolazul ((/FYF 0, Soi ik pus Cnd 40) wgudgles

09.«.4‘5‘0 w)u (()) 4.‘4)‘) ‘JJUQA oy 554 A.A.CJMJM



VAAE B VAP Cloxis AYAQ Lo Y 0)lads @Y 053 «ppsS psel SlSo singo 4y

(P Lo3T by s Oy yuw of yoay [Vo] Tgluwnz 98 (wguiglus 3 1] (551502 5 (55950 s 033 (1992310 ()98 (oo lasidion F Jgur
Table 4: Geometrical specifications of Elkhoury et al [19] and Darrieus and Fujisawa [20] Savonius VAWTs with wind
speed values.
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Fig.12: Comparison of experimental data [19, 20] with
present numerical simulation results for Darrieus and
Savonius VAWTs.
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Fig.13: Performance of the Savonius turbine, type 1, with three types of wall at the second cycle. a) Single blade moment,
b) total moment.
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Fig.14: Performance of the Savonius turbine, type 2, with three types of wall at the second cycle. a) Single blade moment,
b) total moment.
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Fig.15: Performance of the Savonius turbines, types 1 and 2, with desired walls and without wall at the second cycle. a)
Single blade moment, b) total moment.
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Table 7: Values of average of total moment and its
deviation for the Savonius turbines, types 1 and 2, with
desired walls and without wall at the second cycle.
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Table 8: Values of average of the total moment and its

deviation for the Savonius turbines, types 2, 3 and 4, with
desired walls at the second cycle.
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Table 5: Values of average of total moment and its
deviation for the Savonius turbine, type 1, with three
types of wall at the second cycle.
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Table 6: Values of average of total moment and its
deviation for the Savonius turbine, type 2, with three
types of wall at the second cycle.
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Table 9: Values of average of the total moment and its deviation for the Savonius turbine, type 4, with and without desired
wall, type B, at the second cycle at 60 rpm and 80 rpm.
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Fig. 16: Geometrical specifications of the Savonius turbine and the wall, type of B3.
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Fig.17: Geometrical specifications of the Savonius turbine and the wall, type of B4.
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Fig. 22: Schematic view of the proposed hybrid VAWT
with end plates and the simple vertical stabilizer.
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Fig. 23: Top view of schematic performance of the vertical stabilizer. a) Moment of the vertical stabilizer and the wall
around turbine center are equal; therefore, whole turbine will be stable, b) moment of the vertical stabilizer is more than
of the wall; therefore, the wall will rotate toward the wind.
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