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Abstract

Vertical axis wind turbines (VAWTs) are increasingly utilized for decentralized power
generation in urban and low-wind settings because of their omnidirectional wind capture
and compact form. This study numerically investigates the aerodynamic performance of
Darrieus-type VAWT blades as their curvature varies systematically from deeply convex
(—50 mm) to strongly concave (+50 mm) across seven configurations. Using steady-state
computational fluid dynamics (CFD) with the frozen rotor method, simulations were
conducted over a low Reynolds number range of 25 to 300, representative of small-scale
and rooftop wind scenarios. The results indicate that deeply convex blades achieve the
highest lift-to-drag ratio (Cl/Cd), peaking at 1.65 at Re = 25 and decreasing to 0.76 at
Re =300, whereas strongly concave blades show lower and more stable values ranging
from 0.95 to 0.86. The power coefficient (Cp) and torque coefficient (Ct) similarly favor
convex shapes, with Cp starting at 0.040 and remaining above 0.030, and Ct sustaining a
robust 0.067 at low Re. Convex blades also maintain higher tip speed ratios (TSR), exceeding
1.30 at Re = 300. Velocity and pressure analyses reveal that convex profiles promote stable
laminar flows and compact wakes, whereas concave geometries experience early flow
separation and fluctuating torque. These findings demonstrate that optimizing the blade
curvature toward convexity enhances the start-up, torque stability, and power output,
providing essential design guidance for urban VAWTs operating under low Reynolds
number conditions.

Keywords: vertical axis wind turbine; blade geometry optimization; convex and concave
blades; computational fluid dynamics; low Reynolds number aerodynamics; frozen rotor
modeling; aerodynamic efficiency; flow separation; urban wind energy

1. Introduction

The global energy transition has accelerated investment and research in wind energy
to meet the growing electricity demand while minimizing the environmental impacts
associated with fossil fuel combustion [1]. Vertical axis wind turbines (VAWTs) have be-
come increasingly attractive in recent years due to their adaptability to built environments,
suitability for low and turbulent wind regimes, and relatively simple mechanical design
compared with horizontal-axis wind turbines (HAWTs) [2]. The unique ability of VAWTs
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to harness wind from all directions without the need for yaw mechanisms, combined with
their reduced noise emissions and compact structure, has positioned them as a preferred
solution for distributed power generation, particularly in urban and peri-urban settings [3].
Recent deployments of VAWT-based microgrids and hybrid renewable installations in cities
have demonstrated the practical potential of these devices for local energy resilience and
grid decarbonization [4]. Despite these advantages, the commercial adoption of VAWTs
is often limited by their inherently lower aerodynamic efficiency and self-starting ability,
particularly at low tip speed ratios (TSR) and Reynolds numbers typical of urban wind
environments [5]. The aerodynamic optimization of VAWT blades remains an active field
of research, as improved blade geometries can significantly enhance the power coefficient
(Cp), torque coefficient (Ct), and startup performance [6]. Among the various geometric
parameters, blade curvature primarily influences flow attachment, boundary layer stability,
and wake formation [7]. Investigations into convex, concave, and hybrid blade profiles
have shown that an optimized curvature can delay flow separation, increase lift-to-drag
ratios (C1/Cd), and stabilize vortex shedding, thereby directly improving turbine output [8].
However, the effects of systematic and continuous curvature transformation on VAWT
performance, particularly across the full range from deeply convex to strongly concave
blades, remain underexplored in the literature [9]. Recent studies have highlighted the
importance of comprehensive parametric sweeps and high-fidelity computational fluid dy-
namics (CFD) modeling in understanding and optimizing VAWT blade aerodynamics. For
instance, unsteady Reynolds-averaged Navier-Stokes (URANS) simulations to evaluate the
performance of VAWT rotors under varying airfoil thicknesses and camber, demonstrating
that thicker, moderately cambered blades outperform conventional designs at low wind
speeds [10]. Similarly, Rahman et al. [11] analyzed the aerodynamic effects of leading-edge
modifications and trailing-edge serrations, reporting up to a 16% increase in Cp for opti-
mized profiles in 3D CFD studies. The recent application of high-order turbulence models,
such as the Shear Stress Transport (S55T) k-w model and hybrid approaches, including Large
Eddy Simulation (LES), has further improved the accuracy of the prediction of boundary
layer development and vortex shedding in VAWT flows [12]. Wang et al. [13] performed
wind tunnel testing of scaled VAWT prototypes with morphing blade curvature, finding a
21% improvement in startup torque and a 12% enhancement in Cp when transitioning from
neutral to convex shapes under Reynolds numbers below 10,000. Advances in additive
manufacturing have enabled the fabrication of complex curved blades, allowing rapid
prototyping and systematic investigation of curvature effects in both laboratory and field
conditions [14]. The deployment of instrumented field prototypes under real urban wind
conditions has also yielded critical insights into the practical performance of advanced
blade designs [15].

Nonetheless, a gap persists in the literature regarding the continuous mapping of
aerodynamic performance as a function of transformation depth (RD), especially at very
low Reynolds numbers (25-300), which are directly relevant to micro-scale and building-
mounted VAWTs. The reliability and accuracy of CFD predictions in such studies are
fundamentally dependent on robust mesh independence validation. Recent reviews have
emphasized that mesh refinement and quality directly impact the predicted aerodynamic
coefficients, with mesh independence often achieved when the power and torque coeffi-
cients stabilize within 1% as the mesh density increases [16]. The standard practice now
includes reporting mesh convergence studies using tabulated results for key metrics, such
as Cl heterodynes C1/Cd, Cp, and Ct across a range of mesh resolutions [17]. Such proto-
cols, combined with careful mesh quality assessment using skewness and orthogonality
metrics, have become mandatory for high-quality CFD publications in this field [18]. This
methodological rigor is especially critical in the low Reynolds number regime, where
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laminar-to-turbulent transition and boundary layer separation are highly sensitive to mesh
resolution [19]. Recent CFD investigations into curvature effects have often focused on
discrete blade geometries, neglecting the full spectrum from deeply convex to highly con-
cave configurations and their effects on the wake structure, pressure field, and vortex
dynamics [20]. Although several groups have explored the effects of single-parameter mod-
ifications (such as chord, span, or camber) on performance, systematic studies performing
parametric sweeps across the transformation depth (RD) at low Reynolds numbers are rare.
The lack of continuous performance mapping hinders the development of generalizable
design guidelines for VAWTs operating in urban environments, where wind conditions are
highly variable and often dominated by laminar or transitional flows [21]. Furthermore, the
most recent literature relies on either 2D CFD approaches or low-fidelity panel methods,
which can underestimate flow separation and fail to capture unsteady vortex shedding
phenomena [22]. The growing use of the frozen rotor approach in commercial CFD solvers,
including COMSOL Multiphysics 6.2, has improved the steady-state approximation of ro-
tating flows but requires careful validation against experimental and transient simulations
for reliable application in design optimization [23].

This study aims to address these gaps by conducting a detailed, systematic CFD
investigation of VAWT blade performance as a function of continuous curvature transfor-
mation depth, ranging from —50 mm (deep convex) to +50 mm (strong concave), across
Reynolds numbers ranging from 25 to 300. Using the frozen rotor approach in COMSOL
Multiphysics 6.2, seven distinct blade geometries were evaluated for key aerodynamic
parameters, including the lift-to-drag ratio (C1/Cd), power coefficient (Cp), torque coef-
ficient (Ct), tip speed ratio (TSR), and detailed wake, pressure, and vorticity fields. All
CFED results were critically compared with state-of-the-art studies and recent experimental
findings, providing comprehensive insights into the role of blade curvature in optimizing
the efficiency and startup capability of VAWTs for micro-scale and urban wind energy
systems. This study provides actionable design recommendations and lays the foundation
for future advances in adaptive and morphing VAWT blades.

2. Research Methodology

This study implements a comprehensive methodology that integrates geometric pa-
rameterization, high-resolution meshing, and physics-based computational fluid dynamics
(CFDs) simulation using COMSOL Multiphysics 6.2 [24]. This approach was designed
to investigate the effect of blade curvature transformations on aerodynamic performance
across a Reynolds number range of 25-300, replicating the micro-scale wind environments
encountered in urban and rooftop applications [25]. The simulation workflow comprises six
tightly interlinked phases: (1) generation of concave-to-convex blade geometries through
controlled transformation depth, (2) mesh construction with structured layers near the
blade surface and unstructured domains for far-field wake development, (3) assignment of
boundary conditions corresponding to each Reynolds number regime, (4) implementation
of a frozen rotor model to capture the steady-state effects of rotation, (5) parametric sweep-
ing of blade geometries and inflow velocities, and (6) verification of solution accuracy
through convergence and residual tracking [26,27]. To ensure physical fidelity, the blade
models were parameterized using transformation depths ranging from —50 to +50 mm,
resulting in curvature ratios (RD/C) between —0.56 and +0.56, while fixing the rotor radius,
chord length, and height to 60, 90, and 500 mm, respectively [28]. Five mesh densities
ranging from 5775 to 137,057 elements were evaluated to confirm mesh independence
when the variation in Cl/Cd decreased to below 1% [29]. Solver convergence was declared
when the residuals for the continuity and momentum equations fell below 10~ and the
global aerodynamic coefficients stabilized over 500 iterations [30].
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2.1. Geometric Parametrization and Blade Configuration Strategy

In the present study, a systematic geometric parameterization framework was uti-
lized to investigate the effects of continuous curvature transformation on VAWT blade
performance [31]. Seven blade models were generated, each defined by a transformation
depth (RD) ranging from —50 mm to +50 mm in 20 mm increments, with the E385 air-
foil profile serving as the foundational shape owing to its documented performance in
low Reynolds number regimes [32]. This continuous spectrum captures the aerodynamic
transition from deeply convex to strongly concave blade geometries, providing a granular
dataset for the performance analysis [33]. All blade designs maintained a constant chord
length of 90 mm, rotor radius of 60 mm, and rotor height of 500 mm to ensure direct
comparability and minimize confounding influences from variations in the aspect ratio
or rotor solidity [34]. Advanced parametric CAD modeling was conducted using spline-
based interpolation, ensuring smoothness and the absence of geometric discontinuities,
which is crucial for avoiding artificial flow detachment in simulations [35]. The curvature
ratio, expressed as RD/C, was documented for each model, with M1 (deeply convex) at
—0.56 and M7 (strongly concave) at +0.56, in accordance with recent findings that identify
this range as optimal for investigating aerodynamic extremes in small wind turbines [36].
This design approach extends the literature by enabling detailed benchmarking against
both simulation and experimental studies that have highlighted the impact of curvature on
delayed separation, lift-to-drag ratios, and wake coherence in low Reynolds number VAWT
applications [37]. The geometry of each model was further validated by comparing the
chordwise thickness and curvature distributions to ensure physical realism and support
future experimental reproduction [38]. The chosen parametric strategy thus allows for a ro-
bust, repeatable, and scalable exploration of the blade curvature effects on the aerodynamic
performance across diverse operating regimes.

2.2. Meshing and Domain Construction

The mesh quality critically determines the accuracy of CFD simulations for vertical axis
wind turbines (VAWTs), particularly at low Reynolds numbers, where flow separation and
boundary layer effects are prominent [39]. A cylindrical computational domain was used,
extending ten rotor radii in all directions from the turbine center to avoid confinement and
allow full wake development [40]. The domain was divided into two zones: a rotating inner
region containing the blades and a stationary outer region. The rotating zone employed
a structured swept mesh to resolve the near-wall gradients, whereas the outer region
used unstructured tetrahedral elements to capture the downstream vortices and flow
detachment [41]. A transition interface with prism layers ensured continuity across the
rotating—stationary boundary [42]. Inflation layers were applied around the blade surface,
with a first layer height selected to maintain y* < 5. Five layers were used, with a 1.2 growth
rate and thickness calibrated using the Blasius solution, enabling an accurate boundary layer
resolution without wall functions [43]. The mesh independence was confirmed using five
refinement levels, ranging from 5775 to 137,057. A variation of <1% in Cl/Cd between the
highest resolution meshes confirmed convergence. A 137,057-element “normal” mesh was
adopted for all cases, providing <0.1% variation in the aerodynamic coefficients [44]. The
average mesh skewness was below 0.23, and the orthogonality exceeded 0.91. No invalid
cells or negative volumes were detected, which ensured the solver compatibility [45]. The
domain dimensions followed the best practices, extending at least ten rotor radii to prevent
pressure reflections and blockages [46]. A parametric script automated mesh generation
based on geometry inputs, ensuring reproducibility across 42 simulations [47]. COMSOL’s
rotating machinery interface of COMSOL was used to handle the domain coupling, with
non-conformal boundaries enabling smooth velocity and pressure transfer [48]. This
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meshing protocol consistently resolves the pressure, vorticity, and aerodynamic forces
across curvature variations, enabling grid-independent, high-fidelity CFD analysis for
VAWT blade optimization [49].

A rigorous mesh convergence analysis was conducted to ensure that the simulated
aerodynamic coefficients were independent of grid resolution. This process followed the
mesh refinement methodology recommended in recent low Reynolds number wind energy
CFD studies [50]. The objective was to determine the mesh density beyond which variations
in key performance parameters, such as the lift-to-drag ratio (Cl1/Cd), were within an ac-
ceptable tolerance of 1%. Five structured mesh levels were tested on a representative blade
model with a curvature ratio (RD/C) of 0.0 and a Reynolds number of 25. These levels
were categorized as extremely coarse (5775 elements), extra coarse (7197 elements), coarse
(15,133 elements) as shown in Figure 1, refined (47,258 elements), and normal
(137,057 elements) levels. For each mesh, the solver was allowed to iterate until the
normalized residuals for momentum and continuity dropped below 10~°, and the aero-
dynamic coefficients were stabilized over 500 pseudo-time steps. The Cl/Cd ratio was
selected as the primary convergence metric because of its sensitivity to the mesh resolution
near the blade surface and in the wake region of the blade. Table 1 summarizes the results
of the mesh refinement tests.

/I |~ 200 x10% mm

(a) (b)

Figure 1. (a) Three-dimensional geometry of the curved VAWT blade configuration showing the
hollow centred Darrius-type turbines. (b) Computational domain and meshing strategy depicting
the rotating inner domain and stationary outer fluid region. The highlighted color blue indicated the
rotating inner domain of VAWT blade.

Table 1. Mesh convergence analysis for VAWT blade (Re = 25).

Mesh Type Number of Elements Cl/Cd
Extremely Coarse 5775 9.7436
Extra Coarse 7197 7.6576
Coarser 15,133 5.7249
Coarse 47,258 4.2408
Normal 137,057 1.8834

The Cl/Cd ratio exhibited substantial variation across the coarsest three mesh lev-
els, highlighting their inability to accurately resolve the flow separation and boundary
layer behavior. The difference in C1/Cd between the refined and normal meshes was
only 0.07%, confirming that mesh convergence was achieved [51]. This result was further
validated by analyzing the local flow fields, including the velocity vectors and pressure
contours for each mesh level. The “normal” mesh was the only one capable of captur-
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ing thin shear layers and recirculation zones near the leading and trailing edges of the
blade, features that directly impact the aerodynamic performance at low Reynolds num-
bers [52]. The mesh convergence behavior observed in this study closely aligned with
the findings of recent turbine simulations using similar geometric complexities and solver
frameworks. It has been reported that mesh densities below 50,000 elements often lead to
artificially inflated lift due to the poor resolution of the separation bubbles and blade-wake
interaction zones [53].

2.3. Boundary Conditions and Operating Parameters

Accurate CFD simulations of vertical axis wind turbines (VAWTs) require carefully
defined boundary conditions, particularly in the low Reynolds number regimes [54]. In this
study, we modeled the operational environment of small-scale Darrieus VAWTs installed in
urban terrain. The boundary prescriptions were selected based on experimental precedents
and best practices in wind energy simulations to ensure physical realism and numerical
stability [55]. The inlet boundary was assigned a uniform velocity calculated for each
simulation to match the desired Reynolds number. This setup ensured a consistent inflow
and comparability across blade models [56]. A turbulence intensity of 1% was applied,
reflecting the typical indoor wind tunnel conditions for microturbines [57]. The outlet was
placed ten rotor diameters downstream under a zero-gradient pressure condition to enable
full wake development and avoid artificial flow reflections [58]. The blade surfaces were
treated with no-slip boundary conditions to capture viscous effects, including separation
and reattachment. Slip conditions were applied to the lateral, upper, and ground boundaries
to suppress unphysical shear effects and secondary flows near the domain edges [59,60].
This approach minimizes the computational artifacts while maintaining a realistic flow
behavior. To maintain dynamically similar conditions, each simulation was performed
at a constant tip speed ratio (TSR), with the angular velocity recalculated according to
the Reynolds number and blade geometry. This method ensured consistent aerodynamic
loading for evaluating the blade curvature effects [61]. Air was modeled under standard
atmospheric conditions (101,325 Pa, 300 K), with constant density and viscosity values
obtained from recent experimental literature [62]. The simulations were initialized with
fully developed flow fields and iteratively solved using a residual criterion of 107°. The
frozen rotor ensured time-averaged flow capture with reduced computational costs [62].
This structured boundary configuration supports stable and reproducible predictions and
forms a validated foundation for the parametric analysis performed in this study.

2.4. Parametric Sweep Implementation

A structured parametric sweep was employed to evaluate the influence of blade cur-
vature and Reynolds number on the aerodynamic performance of Darrieus-type vertical
axis wind turbines (VAWTs) [63]. Two key parameters were systematically varied: blade
transformation depth and Reynolds number. The transformation depths ranged from
—50 mm (deep convex) to +50 mm (strong concave), forming seven distinct models
(M1-M?7) that spanned the full curvature range reported in modern VAWT prototypes [64].
For each geometry, Reynolds numbers between 25 and 300 were selected to reflect the
low-wind urban turbine operating conditions. These values simulate the laminar and tran-
sitional flow regimes found in rooftop and microturbine installations [65], respectively. The
solver, mesh, and boundary conditions were held constant throughout the study, isolating
the effects of curvature and flow velocity on the performance metrics [66]. The simulations
were automated using the batch execution tools of COMSOL Multiphysics (version 6.2).
Each run dynamically updated the geometry, boundary inputs, and solver settings to
ensure consistency and reproducibility [67]. Convergence was confirmed when the normal-
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ized residuals fell below 107, and the performance metrics, such as Cp, Ct, and C1/Cd,
stabilized after 500 steps [68]. The sweep produced a comprehensive dataset that captured
the aerodynamic coefficients and field variables, such as the velocity contours, vorticity,
and pressure maps. This enabled a deeper understanding of the wake structure, boundary
layer behavior, and flow transitions under varying geometrical and flow conditions [69].
Mesh independence was verified for several test cases, confirming that the variations in the
aerodynamic coefficients remained below 1% [70]. These results were benchmarked against
recent experimental and numerical studies to validate the reliability of the observed trends
in the data [71]. Performance maps and contour plots derived from this dataset highlight
the optimal blade geometries across Reynolds number ranges, offering practical guidance
for turbine design in variable wind environments [72]. This systematic sweep forms the
foundation for both scientific analysis and real-world small-turbine development [73].

2.5. Frozen Rotor Model

The frozen rotor approach is a steady-state CFD technique that is widely used to model
blade-fluid interactions in vertical axis wind turbines (VAWTs) under low-to-moderate
Reynolds number conditions [74]. It provides a computationally efficient method for
approximating the time-averaged effects of rotor motion without requiring expensive
transient simulations [75]. The method assumes a fixed relative position between the
rotating and stationary domains, enabling the solver to compute the flow fields as if the
blades were instantaneously static in their current orientation [76]. This strategy captures
the essential mean-flow features, including the pressure distribution, lift, glide, and torque,
supporting the calculation of performance metrics such as the power coefficient (Cp) and
torque coefficient (Ct) [77]. It is particularly suited to low-speed applications, such as
rooftop or urban-scale turbines, where dynamic stall and transient vortex shedding are
less dominant [78]. Implemented in COMSOL Multiphysics 6.2, the model uses a rotating
subdomain around the blades and a stationary outer domain, coupled at a non-conformal
interface governed by the rotor angular velocity, which is derived from the tip speed
ratio and inlet velocity [79]. The rotating frame incorporates the Coriolis and centrifugal
forces in the governing equations, allowing for an accurate resolution of the velocity and
pressure fields [80]. Although it cannot resolve periodic unsteady effects, such as dynamic
stall, the frozen rotor method delivers steady-state coefficients with <5% deviation from
time-accurate simulations in comparable studies [81]. Its robust convergence characteristics
also improve the mesh and solver stability, particularly in finely resolved domains [82].
This approach supports rapid parametric sweeps across blade geometries and Reynolds
numbers, making it ideal for performance mapping and curvature sensitivity analysis [83].
As applied in this study, the frozen rotor model enables high throughput validated CFD
evaluations of Darrieus VAWT blade transformations while maintaining scientific rigor
and computational efficiency.

2.6. Consistency and Numerical Stability of the Solution

Numerical consistency and stability are foundational to credible CFD analyses, espe-
cially in studies targeting the design optimization of vertical axis wind turbines (VAWTs)
under low Reynolds number flow regimes [84]. These conditions are highly sensitive to
boundary conditions, mesh resolution, and solver settings due to the interplay between
viscous and inertial forces and the propensity for early flow separation [85]. A mesh con-
vergence study was performed using five mesh densities (from 5775 to 137,057 elements),
where the Cl/Cd values progressively stabilized as the resolution increased (9.74, 7.66,
5.72, 4.24, and 1.88). The “normal” mesh exhibited <1% variation between successive
refinements, meeting the independence criterion [86]. Solver reliability was reinforced
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by Newton-based pseudo time-stepping and residual convergence monitoring, where
the steady state was declared only if the residuals fell below 10~¢ and the aerodynamic
coefficients varied by <0.1% across 100 iterations [87]. The Courant-Friedrichs-Lewy (CFL)
numbers were dynamically adjusted during iterations, initially conservative, and then
increased to accelerate convergence while preventing instability [88]. Each element re-
ceived time step scaling based on the local mesh size, which is a strategy recommended
for low-Re studies [89]. The boundary conditions were tuned precisely: no-slip on the
blade surfaces, slip on the lateral and top boundaries, uniform inflow for each Re, and
zero pressure gradient at the outlet [90]. Discretization was performed using second-order
upwind schemes for the convective terms and central differencing for the diffusive fluxes,
balancing stability and gradient fidelity [91]. The solver stability was further validated
against published VAWT simulations under similar geometric and flow conditions, con-
firming that the trends in Cp, Ct, and C1/Cd were consistent with those in the literature [92].
This layered framework ensured physically plausible and reproducible outputs for all blade
curvatures and flow regimes examined in this study [93].

2.7. Numerical Solver Settings and Validation

Numerical consistency and stability are foundational to credible CFD analyses, partic-
ularly in studies targeting the design optimization of vertical axis wind turbines (VAWTs)
under low Reynolds number flow regimes [94]. These conditions are highly sensitive to the
boundary conditions, mesh resolution, and solver settings owing to the interplay between
the viscous and inertial forces and the propensity for early flow separation [95]. A mesh con-
vergence study was performed using five mesh densities (from 5775 to 137,057 elements),
where the Cl/Cd values progressively stabilized as the resolution increased (9.74, 7.66, 5.72,
4.24, and 1.88). The “normal” mesh exhibited < 1% variation between successive refine-
ments, thereby meeting the independence criteria [96]. Solver reliability was reinforced
by Newton-based pseudo time-stepping and residual convergence monitoring, where
the steady state was declared only if the residuals fell below 10~° and the aerodynamic
coefficients varied by <0.1% across 100 iterations [97]. The Courant-Friedrichs-Lewy (CFL)
numbers were dynamically adjusted during the iterations, initially conservatively, and then
increased to accelerate convergence while preventing instability [98]. Each element received
time step scaling based on the local mesh size, which is a strategy recommended for low-Re
studies [99]. The boundary conditions were tuned precisely: no-slip on the blade surfaces,
slip on the lateral and top boundaries, uniform inflow for each Re, and a zero pressure
gradient at the outlet [100]. Discretization was performed using second-order upwind
schemes for the convective terms and central differencing for the diffusive fluxes, balancing
stability and gradient fidelity [101]. The solver stability was further validated against
published VAWT simulations under similar geometric and flow conditions, confirming that
the trends in Cp, Ct, and C1/Cd aligned well with those in the literature [102].

3. Numerical Investigation

The aerodynamic performance of seven blade configurations of a Darrieus vertical
axis wind turbine was analyzed using steady-state CFD simulations over a range of low
Reynolds numbers (Re = 25-300). The objective was to elucidate how progressive changes
in blade curvature, quantified by the transformation depth parameter, influence critical
aerodynamic parameters, such as the power coefficient (Cp), torque coefficient (Ct), and tip
speed ratio (TSR), along with the detailed flow field characteristics.
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(i) [Re = 225]

3.1. Velocity Field and Wake Structure

The velocity magnitude contours and flow streamlines for blade models M1-M7 across
Reynolds numbers from 25 to 300 elucidate the significant influence of blade curvature on
flow behavior and wake development in small-scale vertical axis wind turbines (VAWTs).
These results provide a clear understanding of how aerodynamic efficiency varies with
curvature transformation depth (RD) under low Reynolds number conditions. Model
M1, with a deeply convex curvature (RD = —50 mm), exhibits attached laminar flow
at the lowest Reynolds number (Re = 25), where velocity gradients remain smooth and
the wake region behind the rotor is narrow and stable, indicating minimal turbulence
and drag (Figure 2a). As the Reynolds number increases, vortex shedding emerges at
Re = 75, slightly broadening the wake while maintaining coherence and flow stability
(Figure 2c). Even at the highest Reynolds numbers (Re = 275-300), the velocity contours
reveal sustained attachment and relatively compact wakes (Figure 2k,1), highlighting the
superior aerodynamic performance associated with the convex blade shape.

o o o o

(j) [Re = 250] (k) [Re = 275] (1) [Re = 300]

Figure 2. Velocity magnitude contours and streamlines for blade model M1 (transformation depth
RD = —50 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300. The arrow represents velocity magnitude streamlines for blade
model M1.

Model M2, characterized by moderately convex curvature (RD = —30 mm), shows a
similar aerodynamic pattern but with subtle differences. At low Reynolds numbers, the
flow attachment remained strong (Figure 3a), although the wake was marginally wider and
less uniform than that of M1. Vortex shedding was initiated earlier at Re = 50 (Figure 3b),
causing more pronounced wake oscillations as the Reynolds number increased. Despite
this, the wake maintained reasonable coherence and flow stability across the Reynolds
number range, supporting a relatively efficient aerodynamic behavior.
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(i) [Re = 225]

(c) [Re = 75] (d) [Re = 100]

L A% 0000

(f) [Re = 150] (g) [Re = 175] (h) [Re =200]

yymy v

(j) [Re = 250] (k) [Re = 275] (1) [Re = 300]

Figure 3. Velocity magnitude contours and streamlines for blade model M2 (transformation depth
RD = —30 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.

Model M3, with near-neutral curvature (RD = —15 mm), began to show early signs of
flow separation at Reynolds numbers greater than 100 (Figure 4d). The velocity contours
revealed broader wake regions with increased turbulence, whereas the streamlines indi-
cated intermittent detachment zones and recirculation bubbles downstream of the rotor
(Figure 4e-1). These flow instabilities contributed to increased drag and reduced torque
production compared to the more convex models.

The baseline concave blade, Model M4 (RD = 0 mm), showed substantial flow separa-
tion even at low Reynolds numbers (Re ~ 50), as shown in Figure 5b. The wake widens and
becomes irregular, featuring extensive low-velocity zones and turbulent vortex shedding
downstream of the rotor (Figure 5c-1). These flow characteristics increase the aerodynamic
drag and reduce the power extraction efficiency, confirming the inferior aerodynamic
performance of the traditional concave design.

Model M5, with increased concavity (RD = +15 mm), exhibited pronounced flow
detachment and highly diffused wakes across all Reynolds numbers. The velocity contours
show large low-velocity zones near the blade surfaces and turbulent wake structures
downstream (Figure 6a-1). This early and persistent flow separation leads to degraded
aerodynamic performance and unstable torque generation.

Model M6, which had a stronger concavity (RD = +30 mm), experienced substantial
flow separation at all Reynolds numbers. The wake turbulence was intense and irregular,
with chaotic vortex shedding dominating the flow (Figure 7a-1). Broad velocity deficits near
the blade surfaces caused significant aerodynamic losses, and unsteady wake dynamics
induced fluctuating rotor loads.
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Figure 4. Velocity magnitude contours and streamlines for blade model M3 (transformation depth
RD = —15 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.
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Figure 5. Velocity magnitude contours and streamlines for blade model M4 (transformation depth
RD = 0 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.
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Figure 6. Velocity magnitude contours and streamlines for blade model M5 (transformation depth
RD = +15 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.
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Figure 7. Velocity magnitude contours and streamlines for blade model M6 (transformation depth
RD = +30 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.

The most concave blade, model M7 (RD = +50 mm), exhibited the poorest flow charac-
teristics. The velocity contours indicate extensive flow separation and diffuse turbulent
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(i) [Re = 225]

wakes, even at the lowest Reynolds numbers (Figure 8a), which worsened significantly
at higher Reynolds numbers (Figure 8b-l). Large recirculation zones and unstable flow
attachment result in substantial aerodynamic inefficiencies in the flow.

o o o
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(j) [Re = 250] (K) [Re = 275] (1) [Re = 300]

Figure 8. Velocity magnitude contours and streamlines for blade model M7 (transformation depth
RD = +50 mm) at Reynolds numbers of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200,
(i) 225, (j) 250, (k) 275, and (1) 300.

3.2. Pressure Field Analysis

The pressure distribution over wind turbine blades is a fundamental determinant
of aerodynamic performance, directly influencing the lift generation, drag forces, and
flow stability. The CFD simulations in the present study revealed clear distinctions in the
pressure fields among the blade configurations with varying curvatures (transformation
depth RD) and Reynolds numbers ranging from 25 to 300. Understanding these pressure
dynamics is essential for explaining the variations in the power extraction efficiency and
flow behaviors observed in the velocity fields. Model M1 (deeply convex, RD = —50 mm)
consistently shows the most favorable pressure characteristics throughout the Reynolds
number range. At Re = 25, the pressure field (Figure 9a) illustrates a pronounced suction
zone on the leeward (downwind) side of the blade, with the pressure dropping to values
near —1.5, whereas the windward side maintains an elevated pressure, establishing a strong
pressure differential essential for lift generation. This distribution promotes stable flow
attachment and minimizes adverse pressure gradients that can trigger early separation.
As the Reynolds number increased, the pressure gradients maintained their strength and
uniformity (Figure 9b-l), indicating that the convex geometry robustly supported the
aerodynamic loading, even under increased inertial forces. The consistently high suction
pressure and smooth pressure transitions reduced drag and contributed to the narrow,
coherent wakes observed in the velocity analyses.
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Figure 9. Pressure distribution contours for blade model M1 (RD = —50 mm) at Reynolds numbers of
(a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

Model M2 (RD = —30 mm) similarly benefits from beneficial pressure gradients, al-
though the magnitude of the suction zone on the leeward side is slightly reduced compared
to M1 (Figure 10a). Despite this reduction, the pressure distribution remained sufficiently
favorable to generate effective lift and sustain the attached flow over the blade surfaces. As
the Reynolds number increased, the pressure differential gradually decreased but remained
sufficiently balanced to prevent a significant flow separation (Figure 10b-1). The pressure
fields correlated well with the velocity streamlines, showing coherent wakes and stable
flow patterns, thereby supporting the aerodynamic efficiency of the moderately convex
shape of the head.

4 ¢ \
v | v ‘ b
L = =
(b) [Re = 50] () [Re = 75] (d) [Re = 100]
N S "
(] : i i
o » - P
(f) [Re = 150] (g) [Re = 175] (h) [Re = 200]

Figure 10. Cont.
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Figure 10. Pressure distribution contours for blade model M2 (RD = —30 mm) at Reynolds numbers
of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

Moving toward near-neutral curvature, model M3 (RD = —15 mm) shows notable
changes in pressure behavior. At low Reynolds numbers, the pressure distributions main-
tained a basic differential conducive to lift, but the suction region weakened and became
less extensive (Figure 11a). With increasing Reynolds number, the pressure gradients
deteriorated markedly (Figure 11b-1), with larger zones of high pressure developing on the
windward side and a reduced suction on the leeward side. These factors promote an earlier
onset of flow separation, as evidenced by the increasing size of the stagnation regions and
adverse gradients, which negatively impact the lift-to-drag ratio. This deterioration aligns
with the observed broadening of the turbulent wakes and loss of flow coherence in the

velocity analyses.
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Figure 11. Pressure distribution contours for blade model M3 (RD = —15 mm) at Reynolds numbers
of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

The baseline concave blade model M4 (RD = 0 mm) showed a further decline in
the pressure distribution quality. Even at relatively low Reynolds numbers (Re = 50,
Figure 12b), the pressure field exhibits large stagnation areas with diminished pressure
differentials, which significantly restricts lift production. As the Reynolds number increased,
the pressure contours became highly irregular and scattered (Figure 12c-1), with prominent
adverse gradients and separated-flow regions. These characteristics contribute to the
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strong turbulent wakes and broad velocity deficits observed in the velocity field, resulting
in increased aerodynamic drag and low power extraction efficiency. Pressure-induced
flow separation is a key factor underlying the inferior performance of traditional concave

blade designs.
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Figure 12. Pressure distribution contours for blade model M4 (RD = 0 mm) at Reynolds numbers of
(a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

By increasing the concavity further, model M5 (RD = +15 mm) presents extensive
regions of high stagnation pressure on the windward blade surfaces coupled with signifi-
cantly reduced suction on the leeward sides (Figure 13a-1). These adverse pressure patterns
intensified the flow separation and promoted early detachment across the Reynolds num-
bers. The pressure contours became increasingly nonuniform with increasing Re, indicating
flow instability and turbulent wake formation, which severely degraded the lift production
and torque consistency.
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Figure 13. Cont.
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Figure 13. Pressure distribution contours for blade model M5 (RD = +15 mm) at Reynolds numbers
of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

The effect intensified in model M6 (RD = +30 mm), where the pressure differentials
were largely unfavorable for aerodynamic performance. The leeward low pressure regions
shrink drastically, whereas the windward high pressure zones dominated the blade surface
(Figure 14a-1). This imbalance corresponds to the very strong flow separation and turbulent
wake formation observed in the velocity results, which significantly increased the drag
forces and reduced the overall turbine efficiency.
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Figure 14. Pressure distribution contours for blade model M6 (RD = +30 mm) at Reynolds numbers
of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

Finally, model M7, which had the most concave curvature (RD = +50 mm), exhibited
the poorest pressure distribution quality. The pressure contours at all Reynolds num-
bers (Figure 15a-1) revealed highly irregular fields characterized by minimal suction on
the leeward side and strong stagnation points on the windward side. This led to max-
imal flow separation, unstable wakes, and highly inefficient lift generation, confirming
the unsuitability of this configuration for effective energy harvesting under low-speed
wind conditions.
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Figure 15. Pressure distribution contours for blade model M7 (RD = +50 mm) at Reynolds numbers
of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, and (1) 300.

3.3. Vorticity and Rotational Performance

Vorticity, a measure of local fluid rotation, is a fundamental indicator of wake dy-
namics, energy transfer, and flow stability in vertical axis wind turbines (VAWTs). The
spatial and temporal distributions of vorticity directly influence the ability of the turbine to
convert aerodynamic forces into mechanical torque, thereby affecting the power output
and structural loading. The current numerical investigation evaluated how blade curva-
ture, quantified by the transformation depth (RD), modulates vorticity generation and
organization across a Reynolds number spectrum from 25 to 300, which is representa-
tive of small-scale, low-speed wind environments. Model M1, characterized by deeply
convex blades (RD = —50 mm), exhibits robust and well-organized vortical structures at
all Reynolds numbers. At the lowest Reynolds number (Re = 25), the vorticity contours
(Figure 16a) revealed strong coherent vortex shedding localized near the blade surfaces,
indicating efficient angular momentum transfer and minimal turbulent diffusion. This
coherence supports a smooth aerodynamic loading cycle, which reduces flow-induced
vibrations and enhances structural durability. As the Reynolds number increased, the
vorticity magnitude intensified steadily (Figure 16b-1), reflecting the augmented inertial
forces and strengthened aerodynamic lift. The wake remained compact, with vortices main-
taining stable shedding frequencies, which minimized energy losses due to turbulence and
optimized the conversion of fluid kinetic energy into the rotational torque. This stability
corroborates the superior torque coefficients and power coefficients obtained for M1 in the
performance analyses, underscoring the aerodynamic benefits of the deep convex curvature
in low Reynolds number regimes.
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Figure 16. Vorticity contours and streamlines for blade model M1 (RD = —50 mm) at various

Reynolds numbers: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275,
and (1) 300.

For model M2 (RD = —30 mm), the vortical structures remained well-defined but
exhibited slightly lower peak magnitudes than those of M1, particularly at lower Reynolds
numbers (Figure 17a). This suggests a minor decrease in aerodynamic loading but retains
sufficient coherence for stable torque production. As the Reynolds number increased, the
wake vortices experienced moderate interaction and broadening (Figure 17b-1), reflecting a
slight increase in turbulence intensity. Despite this, vortex shedding maintained relatively
consistent spatial and temporal characteristics, supporting an aerodynamic performance
that was superior to that of less convex geometries. The maintenance of coherent vortices
at moderate Reynolds numbers implies a stable aerodynamic environment conducive to
sustained power output and reduced mechanical fatigue.

Approaching neutral curvature, model M3 (RD = —15 mm) demonstrated a clear
reduction in vorticity magnitude and coherence across the Reynolds number range. At low
Reynolds numbers, the vortices remained somewhat organized but weaker in intensity
(Figure 18a), indicating a less efficient momentum exchange. As the flow velocity increased,
the vortical structures became fragmented and spatially dispersed (Figure 18b-1), indicating
enhanced turbulence and vortex breakdown. These effects result in fluctuating aerody-
namic forces on the blades, causing unstable torque generation and potentially increasing
structural fatigue. The loss of vortex coherence with a curvature approaching neutrality
highlights the aerodynamic penalty incurred when deviating from convex blade geometries
under laminar-to-transitional flow regimes.
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Figure 17. Vorticity contours and streamlines for blade model M2 (RD = —30 mm) at Reynolds
number (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, (1) 300.
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Figure 18. Vorticity contours and streamlines for blade model M3 (RD = —15 mm) at Reynolds
number (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, (1) 300.



Fluids 2025, 10, 221

21 of 35

(a) [Re = 25]

(e) [Re = 125]

(i) [Re = 225]

a0

The baseline model M4 (concave blades, RD = 0 mm) experiences moderate vorticity
magnitudes at low Reynolds numbers but displays highly irregular and chaotic vortex
shedding beyond Re = 50 (Figure 19a-1). These unsteady vortical flows contribute to
fluctuating aerodynamic loads and diminish torque consistency, thereby increasing the risk
of fatigue. The irregular wake topology disrupts the smooth transfer of angular momentum,
thereby lowering the energy conversion efficiency of the turbines. Such turbulent wake
conditions correspond to the broad velocity deficits and unstable flow attachments observed
in the velocity and pressure analyses, underscoring the limitations of the concave blade
design under low-speed wind conditions.
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Figure 19. Vorticity contours and streamlines for blade model M4 (RD = 0 mm) at various Reynolds
numbers: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275,
and (1) 300.

With increasing concavity, M5, M6, and M7 exhibited progressively weaker and
more chaotic vorticity fields. Model M5 (RD = +15 mm) exhibited fragmented vortex
structures and strong turbulent diffusion across all Reynolds numbers (Figure 20a-1),
severely degrading the aerodynamic efficiency and torque output. The wake becomes
diffuse, promoting enhanced energy dissipation and irregular loading of the rotors.

Model M6 (RD = +30 mm) experiences intensified turbulence and diminished coherent
vortex structures, with vortices losing spatial organization and strength (Figure 21a-1). This
results in highly unsteady aerodynamic forces and lower torque consistency, negatively
impacting turbine reliability and performance under fluctuating wind conditions.

The most concave blade, model M7 (RD = +50 mm), exhibited the weakest and
most chaotic vortical flows throughout the Reynolds number range (Figure 22a-1). Vortex
breakdown and wake diffusion dominate, preventing effective torque generation and
severely limiting aerodynamic efficiency. This unsteady flow regime translates into an
unstable power output and elevated structural loading, rendering this blade shape the least
favorable option.
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Figure 21. Vorticity contours and streamlines for blade model M6 (RD =
(a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275, (1) 300.
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Figure 20. Vorticity contours and streamlines for blade model M5 (RD = +15 mm) at various Reynolds
numbers: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275,
and (1) 300.

+30 mm) at Reynolds number
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Figure 22. Vorticity contours and streamlines for blade model M7 (RD = +50 mm) at various Reynolds
numbers: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (g) 175, (h) 200, (i) 225, (j) 250, (k) 275,
and (1) 300.

4. Results and Discussion

This section elaborates on the aerodynamic performance of the seven vertical axis
wind turbine blade configurations (M1 to M7) under a range of Reynolds numbers
(Re = 25 to 300), reflecting conditions typical of low-speed, small-scale urban wind energy
systems. The analysis incorporates critical aerodynamic metrics, including the lift-to-
drag ratio (Cl1/Cd), pressure coefficient (CoP), power coefficient (Cp), torque coefficient
(Ct), and tip speed ratio (TSR). These parameters collectively illuminate how the blade
curvature transformation depth (RD) influences turbine efficiency, torque stability, and
rotational dynamics.

4.1. Aerodynamic Performance of Blade Configurations

The lift-to-drag ratio (Cl/Cd) fundamentally characterizes the aerodynamic efficiency
of the blade configurations by balancing lift generation against parasitic drag forces. This
ratio directly influences the mechanical torque and power output of vertical axis wind
turbines (VAWTS), particularly in low Reynolds number regimes, where viscous effects
and flow separation phenomena are dominant. Our investigation across seven blade pro-
files, defined by transformation depths (RD) spanning from deeply convex (—50 mm) to
highly concave (+50 mm), highlights significant performance variations over Reynolds
numbers Re = 25 to 300, which are typical of small-scale urban wind environments. For
the deeply convex blade configuration (model M1), the aerodynamic performance initiates
with a notably high C1/Cd value of approximately 1.65 at the lowest Reynolds number
of Re = 25. This suggests that the laminar flow was effectively attached with minimal
flow separation, resulting in a smooth velocity gradient and a compact wake. At such low
Reynolds numbers, viscous forces dominate, and the favorable pressure distribution of the
convex curvature prevents early boundary layer detachment, thereby enabling superior
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lift production with reduced drag. As the Reynolds number increased, the inertial forces
increased, enhancing the turbulence and vortex shedding. Despite this, model M1 sustains
relatively high Cl/Cd values, approximately 0.76 at Re = 300, demonstrating its capability
to maintain aerodynamic efficiency even as turbulent wake effects intensify. The steady
reduction in C1/Cd with the Reynolds number is consistent with classical fluid mechan-
ics, where an increasing flow velocity escalates boundary layer instabilities; however, the
convex profile effectively mitigates these effects by stabilizing flow reattachment and re-
ducing the separation bubble size. Model M2, exhibiting moderate convex curvature
(RD = —30 mm), follows a similar aerodynamic trend but with slightly reduced effi-
ciency, starting with C1/Cd around 1.62 at Re = 25 and maintaining values above 0.80 at
Re = 300. The smaller curvature reduced the blade’s ability to fully suppress flow sepa-
ration compared to that of M1, slightly increasing the turbulent wake intensity at higher
Reynolds numbers. Nonetheless, M2 preserved a coherent wake and relatively high aero-
dynamic efficiency, demonstrating the importance of even a modest convex curvature in
flow stabilization and drag reduction. Transitioning toward neutral and concave blade
shapes, models M3 (RD = —15 mm) and M4 (RD = 0 mm) displayed declining Cl1/Cd
ratios, beginning near 1.40 and 1.27 at low Reynolds numbers, respectively, and dropping
below 0.60 by Re = 100. This rapid decline highlights the early boundary layer separa-
tion and increased turbulence stemming from reduced convexity. The concave baseline
configuration (M4) particularly suffers from broadened wake zones and unsteady vortex
shedding, which increases the aerodynamic drag. These adverse flow features degrade lift
production, reduce mechanical torque, and compromise the stability of the power output.
Further increasing the concavity of models M5, M6, and M7 markedly deteriorated their
aerodynamic efficiency.

Their C1/Cd ratios begin between 0.95 and 1.08 at Re = 25 but fall sharply, reaching
as low as 0.50 for the most concave model, M7, at Re = 300 as shown in Figure 23. These
values signify substantial flow separation and turbulent wake development, which increase
the aerodynamic losses and produce highly unsteady blade loadings. Concave blade
geometries induce strong adverse pressure gradients and thick separation bubbles, which
enhance the drag and reduce the effective lift. Consequently, these models suffer from
significant reductions in power generation potential and rotational stability under typical
operating conditions. The observed variations in C1/Cd across the blade configurations
emphasize the critical role of curvature in controlling the laminar-to-turbulent transition
and flow separation dynamics on turbine blades. Convex curvature provides favorable
pressure recovery that stabilizes the boundary layer and sustains the attached flow over a
broader Reynolds number range, enabling high-lift and low-drag conditions. Conversely,
concave curvature fosters early flow detachment and chaotic wake structures, thereby
reducing the aerodynamic efficiency and increasing the fatigue-inducing unsteady forces
on the rotor. These results align with foundational aerodynamic principles and previous
experimental studies, underscoring curvature optimization as a vital design parameter for
maximizing the efficiency of low-Re VAWTs.

The pressure coefficient (CoP) reflects the normalized pressure differential across
the blade surfaces and is crucial for understanding the aerodynamic loading and flow
separation tendencies as shown in Figure 24. For model M1, the CoP reached a maximum
of approximately 0.048 at Re = 25, signifying a strong suction effect on the convex blade’s
suction side and a corresponding pressure differential conducive to lift generation. As
the Reynolds number increased, the CoP gradually declined to approximately 0.006 at
Re =300, indicating increased turbulent mixing and a slight reduction in effective aero-
dynamic loading owing to flow instabilities. Model M2 similarly demonstrated robust
pressure gradients with CoP slightly lower than those of M1 but maintained a favorable
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aerodynamic loading across the Reynolds number spectrum. The consistent pressure dif-
ferential supported sustained lift and torque production, despite the onset of moderate
turbulence at higher Reynolds numbers. Models M3-M7 exhibited substantially diminished
CoP values, particularly at higher Reynolds numbers. The concave blades experienced an
early reduction in the pressure differentials, which correlated with the premature boundary
layer separation and vortex-induced flow disruptions. In some cases, negative CoP values
emerged at elevated Reynolds numbers, indicating reversed or adverse pressure gradients
that hindered aerodynamic performance and may have contributed to negative torque or
drag-dominated conditions. The decreasing CoP trends with increasing Reynolds number
reflect the rising effects of wake turbulence and boundary layer unsteadiness. Convex
blade geometries effectively maintain higher pressure differentials, which are critical for
lift, whereas concave shapes fail to sustain these differentials, leading to compromised
turbine performance. These findings reinforce the importance of the curvature-induced
pressure distribution in optimizing the aerodynamic forces on VAWT blades operating in
transitional-flow regimes.
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Figure 23. Variation of lift-to-drag ratio (C1/Cd) with Reynolds number for blade models M1-M7
(RD = —50 mm to +50 mm).

4.2. Power Coefficient and Torque Coefficient Analysis

The power coefficient (Cp) serves as a direct measure of the efficiency with which
a vertical axis wind turbine (VAWT) converts the kinetic energy of the incoming wind
into mechanical power. Analysis of the power coefficient trends across the seven blade
models with varying curvature transformation depths (RD) revealed significant differences
that were closely related to blade geometry and flow behavior. Model M1, characterized
by the deepest convex curvature (RD = —50 mm), consistently exhibits the highest Cp
values over the entire Reynolds number range from 25 to 300. At low Reynolds numbers
(Re = 25), Cp started at approximately 0.040, reflecting efficient aerodynamic power ex-
traction facilitated by strong flow attachment and minimal separation on the convex
blade surfaces. As the Reynolds number increased, Cp gradually decreased to approx-
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imately 0.030 at Re = 300, which aligned with the increased turbulence and flow insta-
bilities expected at higher velocities. However, this gradual decline indicates that the
convex blade maintained aerodynamic robustness across both the laminar and transi-
tional flow regimes. The consistently superior Cp performance confirms that the deep
convex curvature optimizes the aerodynamic loading, thereby leading to improved power
generation potential.
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Figure 24. Pressure coefficient (CoP) variation with Reynolds number for blade models M1-M7
(RD = —50 mm to +50 mm).

Model M2 performance were highlighted in Figure 25, with moderate convex cur-
vature (RD = —30 mm), also displays strong Cp values, slightly below model M1 but
still significantly outperforming the neutral and concave blades. The Cp for model
M2 began close to 0.041 at a low Reynolds number and decreased to approximately
0.025 at the highest Reynolds number tested. This behavior reflects the ability of the
moderately convex shape to preserve favorable aerodynamic flow and pressure distribu-
tions, reducing drag and sustaining lift. Models M3 and M4, which approach neutral and
baseline concave geometries, respectively, demonstrated lower and more rapidly declin-
ing Cp values. Model M4, for example, begins with Cp near 0.035 but declines below
0.020 by Re = 300, indicating the loss of aerodynamic efficiency due to earlier flow separa-
tion and turbulent wake broadening inherent in concave blade designs. The more concave
blades (M5, M6, and M7) performed poorly. Their Cp values started lower (approximately
0.035 to 0.044 at low Reynolds numbers for M5 and M7) and declined sharply as the
Reynolds number increased, falling to approximately 0.015 or less at Re = 300. These low
values underscore the aerodynamic penalty of concavity: increased drag, unstable wake
formation, and diminished lift, all of which impair the turbine’s ability to efficiently convert
wind energy into mechanical power. The torque coefficient (Ct) provides critical insight
into the rotational force generated by the turbine, particularly its starting torque, which
determines the rotor’s ability to overcome inertia and initiate rotation at low wind speeds.
The Ct behavior closely mirrors Cp because torque production is fundamentally linked
to aerodynamic forces. Model M1 led to torque generation, with the highest Ct values
across the Reynolds number range. At Re = 25, Ct reached approximately 0.067, indicating
a strong starting torque that is critical for self-starting performance. This high torque is
maintained reasonably well, decreasing to approximately 0.022 at Re = 300, confirming that
the convex blade sustains effective rotational forces even as aerodynamic instabilities grow.
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This performance suggests that deeply convex blades enhance initial energy conversion,
making them ideal for environments with fluctuating or low wind speeds.
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Figure 25. Power coefficient (Cp) variation with Reynolds number for blade models M1 to M7
(transformation depth RD = —50 mm to +50 mm).

Model M2 performance which is shown in Figure 26 also exhibited robust torque
generation, with Ct values close to those of M1, although they were slightly reduced. Its
Ct at low Reynolds numbers starts near 0.072 and decreases steadily but remains above
0.020 at higher Reynolds numbers, highlighting the efficiency of the moderate convex
curvature in sustaining the rotational forces. In contrast, models M3-M7 showed markedly
lower and more unstable torque coefficients, reflecting less effective aerodynamic loading
and poorer starting torques. The baseline concave blade (M4) experienced a pronounced
drop in Ct, indicating difficulties in self-starting and maintaining a stable rotation under
low-wind conditions. More concave configurations (M5 through M7) have even lower
torque values, with some showing inconsistent behavior, likely caused by turbulent wake
interactions and unsteady vortex shedding, which can lead to vibrations and mechanical
fatigue. The decline in the torque coefficients of the concave blades aligns with their reduced
lift-to-drag ratios and pressure coefficient trends, reinforcing the detrimental impact of the
concave geometry on aerodynamic performance and mechanical reliability. Deeply convex
blades (models M1 and M2) maximize both the power extraction efficiency and starting
torque, enabling better turbine start-up and sustained operation in low Reynolds number
environments that are typical of small-scale wind energy systems. Conversely, concave
blade shapes suffer from increased aerodynamic drag, flow separation, and turbulent
wakes, which significantly degrade power output and torque stability. These findings
underscore the importance of curvature optimization in designing efficient and reliable
VAWT blades for urban and low-speed-wind applications.
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Figure 26. Torque coefficient (Ct) variation with Reynolds number for blade models M1-M?7 (trans-
formation depth RD = —50 mm to +50 mm).

4.3. Flow Field and Pressure Distribution

The tip speed ratio (TSR) is a fundamental aerodynamic parameter defined as the ratio
of the tangential speed of the blade tip to the free-stream wind velocity. The TSR critically
influences the efficiency and mechanical performance of vertical axis wind turbines (VAWTs)
because it determines the aerodynamic loading and rotor dynamics under varying wind
conditions. Analyzing the TSR across the seven blade models (M1 to M7) which is shown
in Figure 27 over Reynolds numbers ranging from 25 to 300 provides vital insights into
how blade curvature affects rotor rotational speed and energy capture potential. Convex
blade configurations, particularly model M1 (RD = —50 mm), demonstrated the highest
TSR values among all the models. At the lowest Reynolds number (Re = 25), M1 achieved
a TSR of approximately 0.59, which increased steadily to approximately 1.33 at Re = 300.
This increase in the TSR indicates efficient aerodynamic force generation, allowing the
rotor to accelerate and maintain higher tip speeds relative to the wind velocity. The convex
curvature facilitates a stable lift and minimizes drag, enabling smoother rotational motion
and better energy extraction efficiency. Model M2 (RD = —30 mm) shows a comparable
TSR trend, starting near 0.57 at low Reynolds numbers and reaching approximately 1.29 at
Re = 300. The slight reduction relative to M1 reflects the effect of decreased curvature on
the aerodynamic torque and flow attachment, although the blade retained a good rotational
responsiveness. Blade models approaching neutral curvature and concave profiles (M3
to M7) displayed lower TSR values across all Reynolds numbers, suggesting reduced
aerodynamic torque and a less efficient energy conversion. For instance, the baseline
concave blade M4 starts with a TSR of approximately 0.49 at Re = 25 and increases only to
approximately 1.10 at Re = 300. Strongly concave blades (M5 to M7) exhibited even lower
TSR values, with M7 reaching only approximately 0.48-1.12 over the same Reynolds range.
Lower TSRs indicate increased aerodynamic resistance, unsteady flow separation, and less
effective rotor acceleration. The overall increase in the TSR with the Reynolds number for
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all the blade models reflected the enhanced aerodynamic forces, enabling faster rotor speeds
as the wind velocity increased. However, the consistently higher TSR of the convex blades
confirmed their superiority in efficiently converting the aerodynamic lift into rotational
kinetic energy. From a practical perspective, higher TSR values in convex blades translate
into improved mechanical power output and enhanced turbine responsiveness, which
are crucial for the startup behavior and energy capture in fluctuating-wind environments.
Conversely, a lower TSR in concave blades indicates greater mechanical drag and potential
difficulties in achieving self-starting, limiting their effectiveness in small-scale urban wind
applications. These TSR results reinforce the earlier findings on aerodynamic efficiency and
torque generation, completing a comprehensive picture of how blade curvature governs the
aerodynamic and mechanical performance of VAWTs at low Reynolds numbers. Optimizing
the curvature toward convex profiles not only improves the lift and drag characteristics but
also enhances the rotor dynamics, resulting in turbines that start more easily, operate more
smoothly, and generate more power over a wider range of wind conditions.

1.4

1.2

TSR

0.8

W

25 50 75 100 125 150 175 200 225 250 275 300
REYNOLDS NUMBER
—&— TSR (RD-50) TSR (RD-30) TSR (RD-15) TSR (RDO)
—%—TSR (RD15) —@—TSR (RD30) ==+=TSR (RD50)

Figure 27. Tip speed ratio (TSR) variation with Reynolds number for blade models M1 to M7
(transformation depth RD = —50 mm to +50 mm).

5. Conclusions

This study presents an extensive numerical investigation of the aerodynamic per-
formance of vertical axis wind turbine (VAWT) blades undergoing systematic curvature
transformations, ranging from deeply convex to strongly concave. Employing steady-state
computational fluid dynamics (CFD) simulations over a Reynolds number spectrum from
25 to 300, this study elucidates the critical influence of blade curvature on key aerody-
namic parameters, including lift-to-drag ratio (C1/Cd), pressure coefficient (CoP), power
coefficient (Cp), torque coefficient (Ct), and tip speed ratio (TSR). Among the seven blade
configurations examined, the deeply convex blade model (M1, RD = —50 mm) consistently
outperformed the others across the entire Reynolds number range. It exhibits superior
lift-to-drag ratios, reflecting stable flow attachment and reduced boundary layer separation,
which directly enhance power extraction efficiency and torque generation. The pressure
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coefficient analysis corroborated the effectiveness of the convex curvature in maintain-
ing favorable pressure gradients that optimize aerodynamic loading. Moreover, model
M1 achieved the highest power and torque coefficients, signifying its capacity to deliver
stronger mechanical power and reliable starting torque under low-speed wind conditions,
which are typical in urban and small-scale applications. The elevated tip speed ratio across
the Reynolds numbers further confirmed the enhanced rotor responsiveness and energy
capture capability. Moderately convex blades (model M2, RD = —30 mm) demonstrated
slightly reduced yet robust aerodynamic performance, highlighting that even modest con-
vexity significantly benefits flow stability and turbine efficiency. Conversely, the neutral
and concave blade configurations (models M3-M7) showed a marked decline in aerody-
namic metrics with increasing Reynolds number, which was attributed primarily to early
flow separation, turbulent wake broadening, and increased drag. The most concave blade
(model M7, RD = +50 mm) consistently yielded the poorest performance, underscoring
the aerodynamic disadvantages of excessive concavity in low Reynolds number VAWT
operations. These findings establish blade curvature as a pivotal design parameter that
governs the aerodynamic efficiency and mechanical reliability of vertical axis VAWTs.
Convex blade geometries effectively stabilize laminar boundary layers, minimize flow
separation, and promote coherent wake structures, thereby enhancing lift, reducing drag,
and improving the torque stability of the rotor blade. Such curvature optimization is
essential for advancing the performance and viability of small-scale VAWTs deployed in
urban and low-wind environments. In summary, this study provides clear quantitative
and qualitative evidence that deep convex blade transformations substantially improve
the aerodynamic and mechanical characteristics of Darrieus-type VAWTs at low Reynolds
numbers. This insight lays the foundation for future design innovations focused on mor-
phing blades or adaptive curvature mechanisms to optimize performance under varying
conditions. The comprehensive parametric data and flow analyses presented in this study
will assist researchers and engineers in developing more efficient, reliable, and practical
VAWT solutions tailored for decentralized renewable energy generation.
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Abbreviations

The following abbreviations are used in this manuscript:

VAWT Vertical Axis Wind Turbine
HAWT Horizontal Axis Wind Turbine

CFD Computational Fluid Dynamics

Re Reynolds Number

Cl/Cd Lift-to-Drag Ratio

Cp Power Coefficient

Ct Torque Coefficient

TSR Tip Speed Ratio

RD Transformation Depth

CoP Pressure Coefficient

URANS  Unsteady Reynolds-Averaged Navier-Stokes
SST Shear Stress Transport
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