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ABSTRACT

Savonius wind turbines, due to their drag-based operation, generally exhibit low
aerodynamic efficiency, prompting ongoing efforts to improve their performance in
low-wind-speed environments.This study investigates the use of partially flexible
buckets, featuring passive morphing fabric sections, to enhance torque generation
and power output without increasing mechanical complexity. Flexible bucket
geometries were characterized using two dimensionless parameters: the Sagitta
Ratio (SR), describing surface curvature, and the Flexible Ratio (FR), representing
the deformable region’s span. A series of experimental tests was conducted in an
open-jet wind tunnel under controlled conditions, comparing flexible configurations
to a rigid baseline across varying tip speed ratios (TSRs). Results show that all
flexible designs retained self-starting capability, with performance highly
dependent on the SR–FR combination. The optimal configuration (SR = 0.2, FR =
0.5) achieved a peak power coefficient (Cp) of 12.9%, surpassing the rigid
reference Cp of 12.2%, and reached steady-state rotation in 24.8 seconds, faster
than the 28.3 seconds required by the rigid turbine. These findings demonstrate
that judicious use of passive flexibility can enhance Savonius turbine performance
while preserving simplicity and structural integrity. The study offers a viable path
toward low-cost, scalable wind energy solutions for decentralized and urban
applications.
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صخلملا
  میماصت نع ثحبلا ىلإ  عفدی امم ،ءاوھلا ةمواقم ىلع اھدامتعا ببسب اھتعیبطب ةدودحم سوینوفاس عون نم حایرلا تانیبروتل ةیئاوھلا ةیكیمانیدلا ةءافكلا دعُت
  يوتحت ایًئزج ةنرم ءلاد مادختسا للاخ نم ةردقلاو مزعلا دیلوت نیسحت ىلإ ةساردلا هذھ فدھت .ةیئاوھلا ةعرسلا ةضفخنم تائیب يف ءادلأا نیسحتل ةركتبم
  ةبسن :نییدعُب ریغ نیلماعم مادختساب ةنرملا ءلادلا لاكشأ فیصوت مت.نیبروتلل يكیناكیملا دیقعتلا ةدایز نود ،يبلس لكشب لكشتلل ةلباق ةیجیسن قطانم ىلع
  قفن لخاد براجتلا نم ةلسلس تیرجُأ .لكشتلل ةلباقلا ةقطنملل يلوطلا دادتملاا لثمت يتلا(FR)ةنورملا ةبسنو ،حطسلا ءانحنا فصت يتلا(SR)مھَّسلا
.(TSR)ةفلتخم ةیفرط ةعرس بسن ربع بلص يعجرم جذومن عم ةنرملا تانیوكتلا ةنراقم مت ثیح ،ةمكحم فورظ يف حوتفم يئاوھ

  دقو  .FR  و  SRيلماعم رزآت ىلع ریبك لكشب ءادلأا دامتعا عم ،نارودلا ءدب ىلع ةیتاذلا ةردقلا ىلع تظفاح ةنرملا تانیوكتلا عیمج نأ جئاتنلا ترھظأ
  تقو غلب امك ،٪١٢٫٢  ھلCpغلب يذلا بلصلا جذومنلا ىلع اقًوفتم ،٪١٢٫٩  غلب(Cp)ةردق لماعم ىلعأ  (FR=0.5, SR=0.2)  لثملأا نیوكتلا ققح
  نكمی ةیبلسلا ةنورملل سوردملا مادختسلاا نأ جئاتنلا هذھ دكؤت  .بلصلا جذومنلا يف ةیناث٢٨٫٣ـب ةنراقم ةیناث٢٤٫٨ةرقتسملا نارودلا ةلاح ىلإ لوصولا
  ةلباقو ةفلكتلا ةضفخنم حایر ةقاط  لولح وحن اًدعاو ارًاسم ةساردلا مدقتو .لكیھلا ةملاسو ةطاسبلا ىلع ظافحلا عم ،سوینوفاس تانیبروت ءادأ ززعی نأ
.ةیرضحلاو ةیزكرملالا تاقیبطتلا يف ةصاخ ،عسوتلل

. ةنرم ةشیر ،لكشلا يف يبلسلا لوّحتلا ،مزعلا سایق زاھج ،يئاوھ قفن ،سوینوفاس حایر نیبروت: ةیحاتفملا تاملكلا

1. INTRODUCTION

The global transition toward sustainable energy has become imperative in the face of escalating
climate change, depleting fossil fuel reserves, and the pressing need to decarbonize electricity
generation. Among renewable sources, wind energy stands out for its maturity, scalability, and
minimal environmental footprint. While horizontal-axis wind turbines (HAWTs) dominate utility-
scale installations, their dependency on high, consistent wind speeds and complex yaw systems
limits their deployment in urban, off-grid, or low-wind environments. In contrast, vertical-axis
wind turbines (VAWTs) offer greater adaptability for decentralized power generation due to their
omnidirectional wind acceptance, compact form, and ease of maintenance [1, 2].

Among VAWTs, the Savonius turbine has garnered particular interest for its simple design,
low manufacturing cost, and strong self-starting capability at low wind speeds. Operating primarily
through differential drag, Savonius turbines are well-suited for rooftops, remote areas, and small-
scale energy systems. Yet, this simplicity entails low aerodynamic efficiency, with typical power
coefficients (Cₚ) ranging from 0.15 to 0.30—well below the Betz limit and significantly inferior to
lift-based counterparts such as Darrieus rotors [3, 4]. To address this, numerous passive design
modifications have been proposed: adjusting bucket count, aspect ratio, overlap ratio, end-plate
geometry, and employing multi-stage stacks [5-8], as well as external flow augmenters like guide
vanes, nozzles, and deflectors [9, 10]. Among these innovations, the introduction of bucket slots or
vents has been particularly effective at improving performance through pressure modulation.

Computational Fluid Dynamics (CFD) was employed to show that small-slot placements
near the leading edge significantly boost static and dynamic torque by preserving pressure
differentials [11]. These findings were validated experimentally, demonstrating that a 5° slot angle
offers peak Cₚ at low wind speeds [12]. The parameter space was expanded to explore overlap
ratios and slot configurations, and an optimal Cₚ ≈ 0.138 was found at TSR ≈ 0.526 [13]. CFD and
Taguchi methods were applied to hydrokinetic analogues, pinpointing slot-gap width as the most
influential factor [14]. An experimental investigation was conducted on multi-staged Savonius
rotors with modified-Bach blades and check valves, demonstrating that adding a valve near the
blade tip significantly improved both the power and static torque coefficients [15]. Although multi-
staging helped reduce torque fluctuations, the associated drop in power coefficient was offset by
the valve addition, which enabled a two-stage rotor to surpass the performance of a single-stage
configuration by 4% [15]. The effect of automatic valves placed at different positions along the
blade was also evaluated, showing that positioning the valve at the blade tip reduced the negative
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torque from the returning blade and increased the power coefficient by 20.8%, while valves near
the rotor axis or center had adverse effects [16].

Recent research efforts have focused on improving the aerodynamic performance of
Savonius wind turbines by introducing flexible bucket designs that adapt to the flow during
operation. These designs aim to reduce the negative torque produced by the returning bucket while
enhancing the positive torque from the advancing one, thereby increasing the overall power
coefficient. A Savonius turbine with partially deformable blades featuring a flexible trailing edge
that expands during rotation to form an active slot was investigated, improving pressure distribution
and enhancing torque generation [17]. Two-dimensional CFD simulations showed up to a 32%
increase in torque coefficient for larger deformation amplitudes, but smaller amplitudes were found
to reduce performance, highlighting that although flexibility improved torque in certain cases, it
could lead to a decrease in power coefficient under suboptimal deformation conditions [17]. A
flexible geometry Savonius turbine with an eccentric bucket path was introduced by mounting the
blades on a sliding guide track system connected to the turbine’s endplates, allowing the blades to
deform elastically depending on their angular position and dynamically alter the turbine's active
area [18]. The influence of eccentricity ratios (5% to 15%) was numerically examined using
coupled structural-flow simulations, showing improvements in power coefficient by up to 90%
compared to a rigid configuration [19]. The flexible design was also found to reduce the tip speed
ratio (TSR) at which peak performance occurs, shifting it from 1.1 to 0.9 and achieving a maximum
power coefficient of 0.412 [20]. This highlights the suitability of such turbines for low-wind-speed
environments, especially in urban settings. A mechanically feasible Savonius turbine design
featuring hinged, deformable blades that follow non-coaxial guide grooves was also introduced,
allowing the blade shape to adapt passively with rotation angle [21]. This configuration eliminates
the need for active actuators while still enabling significant aerodynamic enhancement, with
numerical simulations showing that moderate deformation amplitudes improved the torque
coefficient by 24%, while full-radius deformation (R₁) achieved gains up to 90.6%, with peak
performance at TSR = 1 [21]. Despite these promising outcomes, the design still relies on precise
mechanical alignment, which may affect durability and maintenance in real-world conditions, and
the absence of experimental validation underscores the need for practical testing and refinement to
ensure long-term reliability and scalability [21].

These studies collectively underscore the potential of flexible or morphing bucket designs
to significantly enhance both static and dynamic torque, particularly in low tip-speed ratio (TSR)
regimes—conditions well-suited for urban and remote wind energy applications. However, a
common limitation across many of these designs is their mechanical complexity, often involving
components such as hinges, valves, articulated linkages, or membranes. These additions can
compromise system reliability, increase production costs, and complicate maintenance. Moreover,
the majority of prior research remains predominantly numerical, with limited experimental
validation and few direct comparisons against conventional rigid-bucket configurations under
realistic operating conditions.

To address these gaps, the present study proposes and experimentally evaluates a novel
Savonius turbine design featuring partially flexible buckets that demonstrate passive morphing
behavior. The flexible section of each bucket is formed using an artificial silk fabric, sewn to create
a concave, canopy-like surface—similar in form and behavior to a parachute. This fabric section
responds passively to aerodynamic forces: compressing during the return stroke to reduce drag,
and expanding during the advancing stroke to increase the effective frontal area. Crucially, this
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shape adaptation is achieved without any active control systems or mechanically complex
components.

Wind tunnel tests are conducted under controlled conditions to assess both the startup
performance and aerodynamic efficiency of the proposed design. Results are benchmarked against
a rigid-bucket baseline to quantify improvements in torque generation and power coefficient across
a range of TSRs. These findings provide new experimental evidence supporting the use of passive
morphing in drag-based turbines and demonstrate the feasibility of low-cost, mechanically simple
Savonius designs for decentralized and low-wind-speed energy applications.

2. GEOMETRIC PARAMETERIZATION OF THE FLEXIBLE BUCKET

The proposed flexible portion of the bucket is constructed from artificial silk fabric, sewn into a
concave, canopy-like shape—resembling the form and behavior of a parachute. The flexible bucket
material is a high-strength silk fabric widely used in tents, umbrellas, and other outdoor
applications, chosen for its proven durability, tear resistance, and flexibility under cyclic loading.
The depth of this concavity plays a crucial role in governing the deformation characteristics of the
bucket and, in turn, significantly influences its aerodynamic performance. This includes effects on
drag generation, flow separation, and overall power coefficient. To systematically describe and
quantify the geometry of the flexible, concave surface, the concept of sagitta is employed.

The sagitta (also known as the versine) is defined as the perpendicular distance between the
midpoint of a chord and the corresponding arc of a circle, as illustrated in Fig. 1. The sagitta is
normalized by the chord length to form the sagitta ratio (SR), which is used in this study to
characterize the shape and deformation behavior of the flexible bucket. For a circular arc with
radius 𝑟, a chord of length 𝑐, and a sagitta 𝑠, the SR is given by:

𝑆𝑅 = 𝑠
𝑐

= 𝑟
𝑐
− ටቀ𝑟

𝑐
ቁ
ଶ
− 1/4 (1)

This non-dimensional parameter (SR) provides a consistent and scalable way to describe the degree
of concavity in the bucket’s flexible surface, and is varied systematically in this study to assess its
impact on turbine performance.

Fig. 1: Geometric definition of the sagitta (versine) as the perpendicular distance from the midpoint of a chord
to the corresponding arc of a circle
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The size of the flexible portion of the bucket plays a significant role in shaping the deformation
behavior of the bucket and, consequently, the overall performance of the turbine. To quantify this
aspect, the flexible ratio (FR) is introduced. It is defined as the ratio between the diameter-wise
width of the flexible region and the overall diameter of the turbine. This non-dimensional parameter
provides a convenient means to parameterize the relative extent of flexibility applied to the bucket
structure and is used in this study to assess its influence on aerodynamic behavior and energy
conversion efficiency.

Fig. 2 illustrates a two-dimensional representation of the combined effects of both the
sagitta ratio (SR) and the flexible ratio (FR) on the shape of the concave flexible portion of the
bucket. The diagram includes various combinations of FR values (0.4, 0.5, and 0.6) and SR values
(0.1, 0.2, and 0.3), showing how each parameter influences the curvature and extent of the flexible
surface. As shown in Fig. 2(b), an SR of 0.3 at an FR of 0.5 results in a curvature that closely
approaches tangency with the fixed (rigid) part of the bucket. This near-tangential profile suggests
that increasing the SR beyond 0.3 under these conditions may be counterproductive.

As SR increases from 0.1 to 0.3 for a given FR, the concavity becomes more pronounced,
indicating a deeper canopy-like deformation. Likewise, increasing FR from 0.4 to 0.6 leads to a
wider flexible region across the bucket’s diameter, further modifying its aerodynamic profile. To
better visualize the spatial form of these deformations, Fig. 3 presents the corresponding three-
dimensional geometries of the flexible bucket configurations for the same SR and FR combinations.
These geometric variations underscore the critical influence of SR and FR on the deformation
behavior and potential aerodynamic performance of the flexible bucket, which is further
investigated in the experimental analysis that follows.

Fig. 2: Parametric 2D illustration of the influence of various combinations of sagitta ratio (SR = 0.1, 0.2, 0.3)
and flexible ratio (FR = 0.4, 0.5, 0.6) on the curvature and extent of the flexible surface of the Savonius bucket

(a) FR=0.4 (a) FR=0.5 (a) FR=0.6
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Fig. 3: Three-dimensional representations of the flexible portion of the bucket geometry for various
combinations of sagitta ratio (SR = 0.1, 0.2, 0.3) and flexible ratio (FR = 0.4, 0.5, 0.6). The figure illustrates

how the curvature and overall shape of the concave flexible surface vary in response to changes in these design
parameters

3. METHODOLOGY

This study experimentally investigates the aerodynamic performance of a Savonius vertical-axis
wind turbine (VAWT) equipped with partially flexible buckets. All tests were carried out under
controlled laboratory conditions using the open-jet wind tunnel facility at Port Said University.

The wind tunnel system is driven by two identical 5.5 kW centrifugal blowers, each
delivering airflow through an independent branch connected via flexible joints. In each branch, the
airflow passes through two wide-angle diffusers arranged in series. A porous screen is installed
between the diffusers to promote uniformity, while a second screen at the exit of the final diffuser
provides additional flow stabilization. The flows from both branches merge into a common settling
chamber, followed by a contraction section that accelerates and further refines the airstream before
it enters the test section.

The test section has a cross-sectional area of 60 cm × 60 cm and provides a uniform velocity
profile across a wind speed range of 3–17 m/s, making it well-suited for evaluating small-scale
wind turbine configurations. With a rotor swept area of 0.09 m² and a test section area of 0.36 m²,
the resulting blockage ratio is approximately 25%, which is within the acceptable range for open-
jet wind tunnel setups. At this blockage level, wall interference effects are minimal and do not
significantly impact measurement accuracy [23]. A schematic of the optimized wind tunnel
configuration is presented in Fig. 4, and additional technical specifications are provided in [22].

The rigid components of the turbine prototypes were fabricated using PLA+ material via
3D printing, based on CAD models developed in AutoCAD. Several configurations were tested,
including a rigid baseline model and multiple variants featuring partially flexible buckets. The
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flexible portion of each bucket was constructed from artificial silk cloth, sewn into a concave shape
to allow passive morphing in response to aerodynamic forces.

A V-slot aluminum rig was constructed to support and fix both the turbine and the torque
meter. A stainless steel turbine mount equipped with low-friction ball bearings was used to securely
attach the turbine to the rig, enabling smooth and stable rotation. Fig. 5 shows the experimental
setup, including the Savonius wind turbine with flexible buckets positioned in front of the wind
tunnel, the rig and turbine mounting arrangement, and the torque meter connected to a laptop for
data acquisition.

All experiments were conducted with the turbine placed along the centerline at the wind
tunnel’s exit to ensure symmetrical exposure to the airflow. Mechanical torque was measured using
an ATO-TQS-D03 digital rotary torque meter (maximum capacity: 1 N·m; accuracy: 0.00001 N·m),
which was mounted directly on the turbine shaft. The torque signal was transmitted to a laptop via
an RS485-to-USB converter, and real-time monitoring and recording were performed using
dedicated data acquisition (DAQ) software. Wind speed was measured using a vane anemometer
(Testo 416), while the turbine’s rotational speed was tracked via the integrated tachometer in the
torque sensor, also connected to the DAQ system.

Two types of experiments were performed. In the startup performance test, the turbine was
released from rest with no applied load, and its free acceleration was monitored until it reached a
steady rotational speed. This procedure enabled evaluation of the turbine’s self-starting capability
under various wind speeds. In the power coefficient measurement, the turbine was first allowed to
spin freely until reaching a steady-state tip speed ratio (TSR). A mechanical braking system was
then gradually applied to slow the turbine to a complete stop. Throughout this process, torque and
rotational speed data were continuously recorded, allowing accurate computation of the
instantaneous mechanical power output and, subsequently, the power coefficient at various TSR
values.

This experimental setup provided a consistent and repeatable testing environment for
comparing the aerodynamic performance of rigid and flexible-bucket Savonius turbines. The
results were used to assess the influence of passive flexibility on torque generation, startup behavior,
and overall power coefficient.

Fig. 4: A schematic of the optimized open-jet wind tunnel at Port Said University’s utilized in this work
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Fig. 5: Experimental setup showing the Savonius wind turbine with flexible buckets positioned in front of the
wind tunnel

4. RESULTS AND DISCUSSIONS

4.1.Baseline Performance: Effect of Wind Speed on the Rigid-Bucket Savonius Turbine

The aerodynamic performance of the reference Savonius turbine equipped with fully rigid buckets
was assessed under three distinct wind speed conditions—6, 7, and 8 m/s—selected to represent
typical low to moderate wind regimes. During the startup phase, the turbine consistently
demonstrated its ability to self-initiate rotation without any external assistance, as shown in Fig. 6.
The time required to reach a stable rotational state varied with wind speed, recorded as
approximately 36.3 seconds at both 6 and 7 m/s, and 28.3 seconds at 8 m/s. The corresponding
steady-state tip speed ratios (TSR) achieved were approximately 0.98, 1.16, and 1.21, respectively.
These results confirm the self-starting capability of the rigid-bucket configuration across a realistic
range of operating conditions.

The power output behavior of the turbine is presented in Fig. 7, which depicts the variation
of the power coefficient (Cp) with TSR for each tested wind speed. The maximum Cp values
observed were approximately 8.3%, 11.2%, and 12.2% for wind speeds of 6, 7, and 8 m/s,
respectively, indicating a clear trend of increasing energy conversion efficiency with higher wind
velocity. Furthermore, the peak power coefficients were found to occur at TSR values of roughly
0.81, 0.88, and 0.90, respectively. This demonstrates that optimal energy extraction is closely
associated with the rotational speed relative to the incoming wind. Notably, the turbine exhibited
similar performance characteristics at 7 and 8 m/s, with smooth Cp–TSR curves and consistent
aerodynamic response. However, at 6 m/s, both the power coefficient and TSR showed a marked
decline, indicating reduced efficiency under lower wind conditions. This performance degradation
is likely attributed to increased sensitivity to self-starting limitations and aerodynamic
inefficiencies associated with low Reynolds number flows.

Accordingly, the 8 m/s case was selected as the reference condition for evaluating the
potential performance enhancements introduced by alternative bucket configurations incorporating
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partial flexibility. This higher wind speed ensures robust and consistent turbine operation, allowing
for a more reliable comparison of aerodynamic behavior, power output, and efficiency across
different design variants. Subsequent analyses, therefore, focus on assessing the impact of varying
flexible and sagitta ratios under this representative operating condition.

Fig. 6: Startup response of the rigid-bucket Savonius turbine at different wind speeds (6, 7, and 8 m/s)

Fig. 7: Variation of power coefficient Cp with tip speed ratio (TSR) for the rigid-bucket Savonius turbine at
wind speeds of 6, 7, and 8 m/s

4.2. Performance of Novel Savonius Turbine with Partially Flexible Buckets

This section presents an in-depth examination of how passive flexibility, introduced through
partially deformable bucket surfaces, affects the aerodynamic performance of Savonius wind
turbines. As outlined in Section 2, the flexible portion of each bucket is characterized by two
dimensionless parameters: the Sagitta Ratio (SR), which represents the curvature of the flexible
surface, and the Flexible Ratio (FR), which defines the width of the flexible region relative to the
overall turbine diameter. The initial phase of this analysis focuses on a constant FR of 0.4, exploring
the effects of varying SR values (0.1, 0.2, and 0.3) on both startup behavior and aerodynamic power
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output. A rigid reference turbine is used as a benchmark, and all experimental data were collected
under a steady wind speed of 8 m/s, as justified in Section 4.1.

The startup performance corresponding to FR = 0.4 is presented in Fig. 8a. All flexible-
bucket configurations successfully initiated rotation, confirming their self-starting capability.
However, their startup dynamics were less favorable than the rigid reference turbine. The rigid
turbine achieved a steady-state tip speed ratio (TSR) of 1.21 in 28.3 seconds, indicating superior
acceleration characteristics. Among the flexible designs, the turbine with SR = 0.2 demonstrated
the best performance, reaching a TSR of 1.00 in 28.4 seconds—nearly identical in response time
to the rigid turbine but with a slightly reduced final TSR. The configuration with SR = 0.3 followed,
attaining a TSR of 0.95 in 42.0 seconds, while the SR = 0.1 design displayed the slowest
performance, stabilizing at a TSR of 0.87 in 54.9 seconds. These results suggest that an
intermediate curvature, specifically SR = 0.2, provides a favorable balance between passive
deformation and aerodynamic drag reduction during startup.

Fig. 8b illustrates the corresponding power performance curves, showing the variation of
the power coefficient (Cp) with TSR. The turbine with SR = 0.1 achieved a peak Cp of 7.6% at a
TSR of 0.73, while the SR = 0.3 design attained a higher Cp of 9.0% at a TSR of 0.90. Notably, the
SR = 0.2 configuration outperformed the other flexible variants, achieving a peak Cp of 9.8% at a
TSR of 0.76. In contrast, the rigid reference turbine exhibited the highest aerodynamic efficiency,
reaching a peak Cp of 12.2% at a TSR of 0.90. Although the flexible designs did not surpass the
rigid reference, the SR = 0.2 case consistently demonstrated competitively close performance.

These results highlight the intricate interplay between flexible canopy curvature and
aerodynamic loading. The SR = 0.2 configuration emerged as the most efficient among the flexible
designs in both startup and power output phases, suggesting that judicious tuning of passive
deformation can significantly enhance performance without compromising structural robustness.

The analysis was further extended by increasing the Flexible Ratio to FR = 0.5, thereby
enlarging the deformable region of the bucket. This adjustment was intended to explore whether a
broader flexible surface would improve or impair turbine performance. The sagitta ratios examined
remained consistent (SR = 0.1, 0.2, and 0.3), and performance was evaluated against the rigid
turbine under the same wind conditions.

Startup results for FR = 0.5 are shown in Fig. 9a. All configurations demonstrated improved
acceleration relative to their FR = 0.4 counterparts. The turbine with SR = 0.2 again showed the
most rapid response, reaching a steady-state TSR of 1.15 in 24.8 seconds. This was not only faster
than its own FR = 0.4 counterpart but also slightly quicker than the rigid reference. The SR = 0.1
and SR = 0.3 turbines reached TSRs of 1.02 and 1.09 in 27.8 and 27.4 seconds, respectively. These
findings indicate that increasing FR to 0.5 enhances startup dynamics, especially when combined
with an optimal curvature such as SR = 0.2.Corr
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Fig. 8: Comparison of (a) startup response and (b) power coefficient curves of flexible-bucket Savonius
turbines with different sagitta ratios (SR = 0.1, 0.2, 0.3) at FR = 0.4 and a wind speed of 8 m/s

Fig. 9b presents the corresponding aerodynamic performance for this set of configurations.
The turbine with SR = 0.2 once again led the group, achieving a peak Cp of 12.9% at a TSR of
0.85—slightly surpassing the rigid reference turbine's 12.2% at TSR = 0.90. The SR = 0.3 and SR
= 0.1 variants followed with peak Cp values of 10.6% and 9.3% at TSRs of 0.84 and 0.81,
respectively. These results support the assertion that moderate flexibility, when coupled with
optimal curvature, can yield aerodynamic performance that meets or exceeds that of rigid turbines.

To assess the limits of this trend, the analysis was extended to FR = 0.6, representing the
highest level of flexibility in this study. Sagitta ratios of SR = 0.1, 0.2, and 0.3 were again examined
and compared to the rigid reference turbine.

(a)

(b)
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The startup behaviors for FR = 0.6 are depicted in Fig. 10a. Although all configurations
retained self-starting capability, their performance declined relative to lower FR values. The turbine
with SR = 0.2 again performed best among flexible designs, reaching a TSR of 1.09 in 34.2 seconds.
The SR = 0.3 turbine attained 1.06 in 39.2 seconds, while SR = 0.1 showed the poorest performance,
stabilizing at 0.93 in 48.3 seconds. These results suggest that excessive flexibility can introduce
adverse effects on startup dynamics, particularly when paired with lower curvature levels.

The power coefficient trends for FR = 0.6 are shown in Fig. 10b. The SR = 0.2 configuration
maintained its lead, recording a peak Cp of 10.3% at a TSR of 0.89. The SR = 0.3 turbine followed
with 9.7% at a TSR of 0.81, and the SR = 0.1 design yielded the lowest Cp of 8.4% at a TSR of
0.78. These outcomes further emphasize that while high flexibility can offer aerodynamic
adaptability, it may also dampen performance if not properly balanced with structural and
geometric parameters.

To isolate the influence of the Flexible Ratio alone, a focused comparison was conducted
at a fixed Sagitta Ratio of SR = 0.2, chosen due to its consistently favorable results. Fig. 11a and
11b summarize the startup and aerodynamic performance of turbines with FR values of 0.4, 0.5,
and 0.6 at this fixed curvature.

As illustrated in Fig. 11a, the turbine with FR = 0.5 demonstrated the fastest startup,
reaching a TSR of 1.15 in 24.8 seconds. This outperformed the FR = 0.4 and FR = 0.6
configurations, which reached TSRs of 1.00 and 1.09 in 28.4 and 34.2 seconds, respectively. The
results suggest that an intermediate FR value offers the best compromise between aerodynamic
responsiveness and structural damping.

The power output curves shown in Fig. 11b reinforce this conclusion. The FR = 0.5 turbine
reached a peak Cp of 12.9% at a TSR of 0.85, surpassing both FR = 0.4 and FR = 0.6, which
recorded 9.8% at a TSR of 0.73, and 10.3% at a TSR of 0.89, respectively. This performance
underscores the benefit of using a moderately flexible region with optimal curvature.

In summary, the SR = 0.2 configuration emerged as the most balanced design across all
examined levels of FR, delivering consistent startup and aerodynamic performance. In particular,
the combination of SR = 0.2 and FR = 0.5 proved to be a standout, offering an effective trade-off
between passive adaptability and aerodynamic efficiency. These findings provide compelling
evidence for the potential of passively deformable geometries in optimizing Savonius wind turbine
performance.

Corr
ec

ted
 pr

oo
f



JAUES, 20, 77, 2025

1336

Fig. 9: Comparison of (a) startup response and (b) power coefficient curves of flexible-bucket Savonius
turbines with different sagitta ratios (SR = 0.1, 0.2, 0.3) at FR = 0.5 and a wind speed of 8 m/s
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Fig. 10: Comparison of (a) startup response and (b) power coefficient curves of flexible-bucket Savonius
turbines with different sagitta ratios (SR = 0.1, 0.2, 0.3) at FR = 0.6 and a wind speed of 8 m/s.
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Fig. 11: Comparison of (a) startup response and (b) power coefficient curves of flexible-bucket Savonius
turbines with sagitta ratios SR = 0.2 with different Flexible ratios (FR = 0.4, 0.5, 0.6) and a wind speed of

8 m/s.

A comprehensive summary of the aerodynamic performance of flexible-bucket Savonius
turbines is provided in Fig. 12 and Tables 1 and 2. These visualizations collectively highlight the
influence of varying Sagitta Ratios (SR) and Flexible Ratios (FR) on both startup characteristics
and power conversion efficiency under a constant wind speed of 8 m/s. Fig. 12 illustrates the trend
of maximum power coefficients across different configurations, while Table 1 presents the
corresponding maximum tip speed ratios (TSRs) and steady-state times. Table 2 complements this
by detailing the peak Cp values and their associated TSRs for each configuration. The rigid-bucket

(a)

(b)
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turbine configuration is included in all comparisons to serve as a baseline reference for performance
evaluation.

Taken together, the results underscore the critical role of passive deformation in shaping
Savonius turbine performance. Among the tested parameters, the SR = 0.2 configuration
consistently demonstrated the best balance between aerodynamic efficiency and startup
responsiveness across all FR levels. Notably, the turbine with FR = 0.5 and SR = 0.2 not only
outperformed all flexible configurations but also surpassed the rigid turbine in key performance
metrics. It achieved a peak power coefficient (Cp) of 12.9%, compared to 12.2% for the rigid
turbine, reflecting an improvement of approximately 5.7% in aerodynamic efficiency. Additionally,
it reached steady-state rotation in just 24.8 seconds, which is 12.4% faster than the 28.3 seconds
required by the rigid design. This indicates a significant enhancement in startup dynamics, reducing
the mechanical stress and energy loss typically associated with prolonged acceleration phases.

Such improvements validate the hypothesis that a carefully tuned combination of curvature
and deformable surface extent can enhance turbine behavior without compromising structural
integrity. The consistent superiority of the SR = 0.2 design across varying FR values further
reinforces its robustness as an optimal passive flexibility configuration. To further refine this
promising performance envelope, a dedicated optimization study—either through advanced
experimental investigations or high-fidelity CFD simulations—is recommended. This would help
identify the precise FR–SR combinations that yield the most effective trade-offs between
aerodynamic output, structural resilience, and manufacturing feasibility. Such insights offer a
valuable design framework for enhancing the viability and efficiency of vertical-axis wind turbines,
particularly in low-to-moderate wind speed environments.

Fig. 12: Maximum power coefficient (Cp) values for rigid and flexible-bucket Savonius turbines across
different Sagitta Ratios (SR = 0.1, 0.2, 0.3) and Flexible Ratios (FR = 0.4, 0.5, 0.6) at a wind speed of 8 m/s. The
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Table 1: Summary of maximum tip speed ratios and steady-state times for flexible and rigid Savonius turbines
at 8 m/s, evaluated across different Sagitta Ratios (SR) and Flexible Ratios (FR)

Configuration
Maximum TSR Steady-State Time (s)

SR=0.1 SR=0.2 SR=0.3 SR=0.1 SR=0.2 SR=0.3

FR = 0.4 0.87 1 0.95 54.9 28.4 42

FR = 0.5 1.02 1.15 1.09 27.8 24.8 27.4

FR = 0.6 0.93 1.09 1.06 48.3 34.2 39.2

Rigid 1.21 28.3

Table 2: Comparison of peak power coefficients and corresponding tip speed ratios for flexible and rigid
Savonius turbines at 8 m/s.

Configuration
Maximum Cp (%) TSR at Maximum Cp

SR=0.1 SR=0.2 SR=0.3 SR=0.1 SR=0.2 SR=0.3

FR = 0.4 7.60% 9.80% 9.00% 0.73 0.76 0.9

FR = 0.5 9.30% 12.90% 10.60% 0.81 0.85 0.84

FR = 0.6 8.40% 10.30% 9.70% 0.78 0.89 0.81

Rigid 12.20% 0.9

SUMMARY AND CONCLUSIONS

This study has demonstrated that integrating passive flexibility into Savonius wind turbine buckets
can significantly improve aerodynamic performance, especially under low wind speed conditions.
By introducing deformable fabric-based bucket sections parameterized by sagitta ratio (SR) and
flexible ratio (FR), the research confirmed that optimized passive morphing enhances both startup
dynamics and energy conversion efficiency. Notably, the best-performing configuration—SR = 0.2
and FR = 0.5—achieved a peak power coefficient (Cp) of 12.9%, surpassing the rigid baseline Cp
of 12.2%. Moreover, this configuration reached steady-state rotation in just 24.8 seconds, compared
to 28.3 seconds for the rigid turbine, indicating superior responsiveness.

Experimental results revealed that while all flexible designs retained self-starting capability,
excessive flexibility or suboptimal curvature led to reduced performance. Thus, the study highlights
the critical importance of geometric tuning in achieving a favorable balance between adaptability
and aerodynamic efficiency.

These findings validate the hypothesis that passive morphing can enhance the performance
of drag-based turbines without introducing mechanical complexity or significant cost. The
proposed design—employing artificial silk fabric for deformation—offers a structurally simple and
scalable solution for decentralized wind energy generation, especially in urban or low-wind
environments.
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Future work should focus on detailed optimization of the SR–FR design space using advanced
simulations and long-term durability testing under real-world conditions. Such research will be
essential to fully harness the potential of flexible wind turbine geometries and advance the broader
adoption of sustainable wind energy technologies.
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