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Abstract. In this work, experimental comparisons are
conducted when two Savonius-type vertical-axis winthine
rotors of different blade twist angleg @re placed with the same
aspect ratio (AR = 2.0). During the initial setapstraight blade
(y=0°) was used in the first design; while in the et
configuration, twisted blades were employed with af 30°.
The rotors were checked for aerodynamic performaimce
comparable wind tunnel configurations along witke thower
coefficient (G), the starting torque and the rotational stability
The rotor at a blade value of 30° reached a,@qual to 0.232
compared to the straight-blade rotor, €€ 0.165). The torque
variation with less variability and self-startingility was
observed in the twisted blade setup, which wasbattable to a
better flow interface of the advancing and retulades.Results
demonstrated that a moderate blade twist for tretemy can
improve the aerodynamic efficiency of the Savonnasors
without a significant modification of the produati@omplexity.
Thus, the configuration conformed by @and an AR of 30° and
2.0, respectively, presented an optimal blend betwe
performance and simplicity, which made it suitafde small-
scale power generation under low-wind conditions.

Key words. wind turbine, Savonius rotor, blade twist angle,
aspect ratio, experimental study, aerodynamic pedace.

1. Introduction

The global transition to sustainable energy systiran
urgent and required necessity due to the increasing
climate emergency and the requirement to cut bacthe
burning of fossil fuels [1, 2]. In this frameworkyind
power is important for its low environmental impact
scalability and for possible integration with ceited or
distributed power systems. Nevertheless, consigdhat

it can be fully exploited locally, in urban and alregions
with low wind speeds, technologies must be adafited
such cases.

In recent years, vertical-axis wind turbines (VAWTSs
have gained increasing attention as a complementary
alternative to conventional horizontal-axis windbines
(HAWTSs). While HAWTs generally achieve higher
efficiencies under steady and high-speed wind cimmd,

VAWTs offer several advantages. Among these bexefit
VAWTs can operate independently on wind direction,
produce less noise, and require simpler maintenance
Additionally, they can be installed closer to th@und.
Consequently, these capabilities allow them to be
implemented in urban environments, decentralized
contexts, and municipal-scale renewable energiaiivies
that support the ongoing energy transition [3, 4].

Among all VAWT combinations, Savonius rotor is
relatively simple in terms of structure, easy ibrfaation
and very good at auto-starting for wind operation.
However, its major drawback is the relatively low
aerodynamic efficiency, which drives extensive gadn

its aerodynamics to optimize its performance, idirig
geometric optimization. In previous works, factossch
as the blade twist angle)(and the aspect ratio (AR),
directly affect the power coefficient (Q, the torque
uniformity and, in general, the operating stabi[Ry4].

Anbarsooz et al. reported some improvements inutrq
smoothness aswas increased, but only a minor decrease
in CJ was reported [5]. In contrast, Zadeh et al. and
Damak et al. demonstrated that modest helicalfdist
configurations substantially enhanced performandd w
C0O values around 0.20 [6, 7]. Similarly, Jeon etaald
Kamoji et al. mentioned the importance of AR for
structural stability and aerodynamics and, theesfor
balanced geometrical design is a key factor in the
performance of the technology [8, 9].

Despite these innovations, previous studies mairsigd
numerical simulations or small experimental datgset
which have often been restricted to narrow geometri
ranges. Thus, there is still an urgent need fotesyatic
experimental procedures that can support the watifin

of real aerodynamic behavior for the practical, hhig
performance design combining efficiency,
manufacturability, and robustness, among othercispe

In this context, the present study aims to expemialsy
evaluate and compare the performance of two Sasoniu



rotors with different blade twist angleg € 0° and 30°
and a constant aspect ratio (AR = 2.iIn this research,
the blade twist effect on aerodynamic efficiends
analyzed under severaperational characteristics throu
controlled wind tunnel test§ he response variable is
power coefficient (Cl). This stuly is based on empiric
data, which will facilitate the design of optimize
Savonius turbines for smadkale wind energy generati
and support the sustainable energy transition ddtiag
research work.

2. Materialsand methods
2.1. Geometric configuration of therotors

To compare the aerodynamic aspects of the blads,
two versions of Savonius VAWTs were selected.
dimensions of the two rotors are similar. Then
diameter (D) of about 0.4 m was used. This dimen
was mostly chosen based ohetmaximum printabl
volume of the 3D printing equipment, allowing thHades
to be manufactured as single pieces to ensuretstal
stability and surface continuity (for details inogeetry
fabrication, see Section 2.2). AR defined as H/C—
was 2.0, esulting in rotor height (H) of 0.8 m, and 1
value of AR was selected because Velasquez €
considered this AR to be almost optimum for thengafi
Cp in Savonius rotors [10]. Additionally, the redace
model contained straight blades%£ 0°) and te second
configuration included a Badlype twist { = 30°)

Each rotor was made up of two serglindrical blades
and a central shaft, supported by circular endeplatf 5
mm thickness. The twisted blade was made by apply
uniform helical deformation along the rotor heigtform
a smooth turning profile of theldde fromthe top to the
bottom of the rotor. The geometry provida better
aerodynamic interaction and potenfiai increased torqu
stability and selftarting of the blade progression ¢
return.

The geometry of Bactype profiles corresponded wi
the dimensional relationships initially proposed Bgch
and further refined by Kamoji et al. and Gallo kt[al,
12] to set the flow separation and pressure digiob.
All critical dimensions were scaled to the neceg
curvature and overlap pararaet in the geometric rati
used to estimate blade curvature, computed by dtw
diameter (D) as O = 0.968D, P = 0.174D, and ¢
0.094D. The two rotor configurations consideredtliis
work are shown in Figure 1.

2.2. Rotor fabrication via 3D printing

The turbine models were created using an adc
manufacturing process on the Creality-M4 3D printer.
The equipment was selected based on its large

volume and high dimensional precision. Additionality
was suited for the manufacture of fetiale rotors being
evaluated. 3D printing made it possible to achi
geometric precision, reproducibility, and the abilto
fabricate more complex blade shapes than are pe:

with standard milling. This polymer has good medbtalr
strength, impact restance, and thermal stability, maki
it hard enough to withstand aerodynamic testing
flexible enough to prevent cracking while in u
Polyethylene terephthalate glycol (PETG) has ontbtay
bonding property and excellent layer adhesion amfhse
finish which reduce pogirocessing and lead to smo
aerodynamic surfaces.
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DETAIL A

a) b)
Fig. 1. Savonius rotor designs with B-type profiles under
different blade twist angles. (a) Twistand (b) Straight blades.

The rotor parts were printed in accordance withshmne
manufacturer standard for the production condit
specified to ensure standardized quality betweese
models. The nozzle temperature was 220 °C, the peid
was kept at 70 °C, the layer hei was maintained at 0.2
mm. The print speed was constant at 150 mm/s and
density kept at 100% in order to obtain comp
structural stability. To achieve an accurate repotidn of
the blade curvature, parts were printed using anow
nozzle with a printing accuracy of 0.1 mm. For t
assembly of each rotor component and securing xiaé
alignment, two separate sections were fabricatbd.fiFst
section was made up of blades and the lower erie,
and the second part was the upper end plith guide
slots to fit the first part. As expected, the peohtrotors
with consistent surface texture showed high gedm
fidelity relative to the CAD design. With a singbeinter
model and constant manipulation of the parameteuti
throughout this pcess, production variability was lo
and test effects could be interpreted via geom
variations of the rotor desig!



High numerical precision was provided for the getiioe
ratios (O, P, Q) but the actual manufacturing wasect

to a 3D printing tolerance. Such a deviation resuita
relative error of 0.025% in relation to the rotoardeter,
which is considered negligible in the aerodynamic
characterization of drag-driven turbines at thislec
Furthermore, the inherent robustness of the Sasoniu
design suggests that these minor manufacturinguvees
do not significantly compromise performance, confirg

its suitability for low-cost and small-scale applions
[13].

2.3. Experimental setup

The investigation was conducted in a wind tunné e

2). The tunnel runs on an open-circuit design veixial
airflow powered by an industrial-grade Soler & Rala
TGT/6-1000-9/26-B-7 1/2 HP fan. Its test sectiors lza
square cross-section of 0.8 m x 0.8 m and is 11ang.

In this regard, wide space and low blockage effftshe
installation of the turbine models were provided.the
configuration tested, the blockage ratio variedveen 4
and 13%, and while this figure is acceptable wébard

to comparative aerodynamic measurements, no bleckag
correction was performed on the recorded data. Rato
the system were mounted vertically on a rigid ahumi
frame, which was arranged to maintain a coaxial
alignment of the shaft with the free-stream velpcit
vector. The mechanical torque produced by the merbi
was transmitted through a precision coupling toutek
TRS 605-FSH02052 rotary torque transducer with an

integrated optical encoder. The torque sensor has a

nominal range of 0—-1 N-m, which yields simultaneous
torque and rotational speed measurements at autiesol

of 0.001 N-m and +0.1 rpm, respectively. A 6 V DC
motor was mounted downstream of the sensor toset a
controllable electrical load. The motor was drivieom

the DC supply (0-30 V, 0-10 A), controlled by dler
the input voltage and the current for brake torque
response. This setup enables simulations of meiltipl
operating conditions and accurate calculation odral
torque—speed—power curves per rotor.

Intake section

Contraction section
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Fig. 2. Principal wind tunnel sections and photpbia views.

The free-stream wind flow speed at the mid-plan¢hef
rotor was measured with a 20 mm impeller bearing
Flowatch anemometer with an accuracy of +2%. The
anemometer was positioned 50 mm upstream of tloe rot
axis to minimize flow disturbance. All analogy sig®
(torque, angular velocity, and voltage) were reedrd
continuously with a data acquisition system. This
configuration provided fast visualization of aerodynic
performance, combined with the simultaneous aciiisi

of torque and speed information.

The instantaneous mechanical output powes (Pof the
turbine was obtained from the measured torque () a
corresponding angular velocity), shown by Eq. (1).

P, =TX w (1)
where T is expressed in newton-meters (N-m) anth

radians per second (rad/s).

The available kinetic power of the wind{g) through
the rotor swept area was calculated according tdZq

1 2
l)wind=EpXAXV3 ()

where p is air density (kg/m3), A is swept area of the
turbine (m?), and V is free-stream wind velocity/¢in For
this study, an air density pf=1.225 kg/m? was assumed,
corresponding to standard atmospheric conditiong5at
°C and 1 atm. For VAWTS, A is defined as the prddic
the rotor diameter (D) and its height (H), as thebine
interacts with the wind across a cylindrical seattias
shown in Eq. (3).
A=DxXxH=04m x 0.8m = 0.32m?* (3)

The efficiency of the rotors was calculated usihg t
dimensionless G, which expresses the ratio of the
mechanical power extracted by the turbine to thalto
power available, as defined in Eq. (4).

Poy

l)wind

_ (T X )
T (%xpXAxXV)

(4)

This parameter quantifies the fraction of the ket
energy effectively converted into mechanical eneagy
the shaft. To further characterize the turbineratien,
the tip speed ratio (TSR) was determined by using E

(5).

(w X R)

TSR = ©)
where R = D/2 represents the rotor radius. The TSR
defines the relationship between the tangentiaorgl of
the blade tip and the incident wind speed. This
formulation is appropriate for VAWTs as the tanggnt
velocity remains uniform for the entire blade smna
constant radius, serving as the fundamental non-
dimensional parameter to correlate aerodynamic
performance and flow field behavior [14-16].



The braking torque was varied on each test basettieon
electrical load applied to the DC motor in orderatoive

at steady state for the turbine. The data were unedgor
0.05 s after the rotating velocity had stabilizetb
maintain the reproducibility of the data, threeapdndent
tests were carried out in each of the differentraiieg
conditions. This data has allowed a reliable coisparof

the straight-blade and the Bach-type twisted-blade
Savonius rotors in the same experimentation, based
their aerodynamic performance.

3. Results and discussion

The C7J, as a function of the TSR for the two rotors, is
illustrated in Figure 3. Both cases present a titypéetal
of that for drag-type vertical-axis turbines; i.e.,rapid
increase in C with TSR up to a maximum, followed by a
gradual decrease as the aerodynamic drag takes over

At a TSR of roughly 0.59, the straight-blade rotpr0°)
reached a maximum value of 0.165, while the twisted
Bach-type rotory(=30°) showed that a TSR of 0.69 gave a
maximum value of 0.232 to the rotor. After a stadda
uncertainty analysis and considering the +2% tolegaof

the flow meter, the uncertainty in[Cis estimated to be
approximately +6% due to the cubic relationshipassn
power and wind velocity (®/3). Hence, the maximum
CO values are calculated to be 0.233%0.014 and
0.165+0.010.

Figure 3 presents these experimental results vhidtted
areas, also known as uncertainty bands, in lighy gnd
light red. Such continuous visualization techniquas
employed instead of the usual discrete error bars t
achieve ease of visualization for the figure, toidwisual
saturation, and to be able to accurately measereatiges
of performance. Even with the experimental toleearthe
separation of the uncertainty bands verifies tlieieficy
enhancement is  statistically  significant,  which
corresponds to a relative increase of ~ 41% inulhsted
configuration.
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Fig. 3. Power coefficient (C) as a function of the tip speed
ratio (TSR).

Both turbines exhibited a reduced]Qevel. This can be
attributed to greater drag forces and flow sepamati
around the returning blade, at TSR values grehter 0.7.
Such results are in accordance with the data &fdkhry

et al. and Zakaria et al., who reported an enhataregle
stability and a higher efficiency in helically twesl
Savonius designs [12, 17].

The rotor withy = 30° was found to start rotation sooner
and earlier than the straight-blade model in spatésts at
low wind speeds (V < 5 m/s). Because the helicapsh
allows at least one blade section to be continyousl
exposed to the wind, this avoids dead zones amdvsll
for motion from rest, which is particularly benédicfor
small-scale power systems that require the usadélive

or low-speed wind power.

The aerodynamic response toward the twisted rots w
better, which can be explained by the redistributié the
local flow field along the blade height. This pregsive
helical arrangement produces a joint drag-lift
contribution, and some portion of the incoming kice
energy in response can be converted by the aerodgna
behavior to useful torque. Therefore, it is notlesively
associated with resistance. This behavior is resiptn
for diminished recirculation zones in the overlagion
between the blades and a relatively stable wakeernpat
downstream.Thanks to these developments, Bach-type
twisted Savonius rotors could represent a plausibtece
for urban, or off-grid uses where low noise and
compactness, as well as excellent self-startinglwéty,
are desirable traits.

4. Conclusion

In the laboratory tests on two Savonius rotor desig
forms, the effect of wind energy conversion on lede
twist in controlled testing condition was clearlyngpared.
The 30° helical twist demonstrated a much larger
aerodynamic performance and achieved a maximpof C
0.232 (compared to 0.165 for straight-blade rotdi)is
corresponds to an increase in efficiency of ~ 4fiiher
proving that the Bach-type twisted geometry caraech
the aerodynamic interaction between the advanciidy a
returning blades, thus yielding smoother torqueouand
higher self-starting capacity.

Apart from the increased efficiency, the torquesilizged
less with the helical configuration, which resulted a
more stable operation and a greater mechanicaimiée
These properties are beneficial for small and lowdw
speed processes (self-starting and constant notadite)
that depend on reliable energy production. Finally,of

30° provided a good compromise among aerodynamic
efficiency, toughness, and manufacturability inmtsrof
design. The production of the rotor models with BET
filament using 3D printing verified the possibéi§ of
additive manufacturing in rapid and accurate model
generation of aerodynamic parts.

For the overall purpose, the results achieved shaivthe
optimization by geometry can still be regarded ampad
way to optimize efficiency for vertical-axis of Sanius-
type wind turbines. The experimental findings pregub
here provide a robust basis for further investgatn the
combined influence of blade overlap ratio, numbér o
stages, and leading-edge curvature with respefetrtioer



power density enhancement and larger applicabdity
these turbines in a decentralized field of renewabl
energy.
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