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Aerodynamic Performance of a Multi-Layer Straight-
Bladed Vertical-Axis Wind Turbine: Effects of Blade
Spacing, Airfoil Configuration, and Chord Length

Abstract

Vertical-axis wind turbines (VAWTSs) offer potential for small-scale wind energy generation
because they can operate under varying wind directions without requiring an active yaw
mechanism. However, their aerodynamic performance depends on blade geometry,
unsteady flow behaviour, and interactions between neighbouring blades. This study
investigates the effects of inter-layer spacing, airfoil configuration, blade chord length, and
rotor-layer arrangement on the aerodynamic performance of a multi-layer straight-bladed
VAWT. The baseline design employs a NACA 0018 airfoil for the inner blade layer and a NACA
5412 airfoil for the outer layer, with a reference mean radius of 0.45 m, a baseline chord
length of 0.15 m, and an inlet wind velocity of 10 m/s. Four two-layer configurations with
radial spacings of 0.24, 0.18, 0.12, and 0.06 m are considered, alongside single-layer
reference configurations and additional chord lengths of 0.20 and 0.30 m. A three-layer
extension is also considered to examine potential performance benefits and starting-related
trade-offs. The assessment framework includes static torque, operating torque, mechanical
power, power coefficient, and the analysis of pressure, velocity, and vorticity distributions.
The manuscript reports that the B-4 configuration, with a spacing of 0.06 m, produces the
highest static torque, whereas B-2, with a spacing of 0.18 m, is associated with the highest
operating torque, power, and power coefficient. The three-layer arrangementis also reported
to offer improved operating performance but less favourable self-starting behaviour. These
reported trends require confirmation through completed CFD simulations, quantitative
performance data, mesh-independence assessment, convergence checks, and appropriate
validation. The study establishes a comparative framework for examining the aerodynamic
implications of multi-layer blade geometry and highlights the importance of evaluating
starting performance separately from operating efficiency.

1. Introduction



The growing demand for clean and sustainable energy has encouraged researchers to
explore wind energy technologies that can operate efficiently across a range of
environmental and practical conditions. Among these technologies, vertical-axis wind
turbines (VAWTs) have attracted interest for small-scale applications because they can
accept wind from different directions without requiring an active yaw mechanism. Their
relatively flexible installation arrangements also make them worth investigating for
distributed power generation. Nevertheless, translating these advantages into reliable
energy production remains challenging. In particular, the aerodynamic behavior of a VAWT
is strongly influenced by the continuous interaction between its rotating blades and the
surrounding flow, which affects torque generation, power output, and starting performance
[1-5].

The aerodynamic conditions experienced by a straight-bladed VAWT change continuously
during rotation. As each blade moves around the rotor, its relative velocity and angle of
attack vary, sometimes causing flow separation and dynamic stall. These processes
generate vortices and unsteady pressure distributions, producing fluctuations in the
aerodynamic forces acting on the blades[1,5,6]. The resulting performance cannottherefore
be explained by blade geometry alone. Parameters such as the number of blades, rotor
solidity, Reynolds number, and tip-speed ratio also influence how the turbine interacts with
the incoming wind. Previous experimental and numerical studies have shown that changes
in these parameters can lead to noticeable differences in aerodynamic loading and energy-
conversion performance [2-5]. Understanding these relationships is essential when
developing a turbine configuration intended to deliver both effective torque generation and
stable operating performance.

Computational fluid dynamics (CFD) provides a useful means of examining these complex
flow mechanisms. Unlike performance measurements alone, CFD can reveal how pressure,
velocity, and vorticity develop around the blades as the rotor turns. However, the reliability
of these predictions depends on the numerical approach used. Previous investigations have
shown that computational-domain dimensions, mesh resolution, near-wall treatment, and
time-step selection can influence the predicted aerodynamic forces, particularly when
dynamic stall occurs [1]. Three-dimensional studies combining numerical simulation with
wind-tunnel measurements have further demonstrated that spanwise flow behavior can
affect the predicted blade loads and overall performance [6,7]. More broadly, reviews of
VAWT aerodynamic research have highlighted the need for consistent modelling practices
and appropriate validation when comparing results from different designs [8]. These findings
suggest that CFD should be used not only to compare performance but also to examine the
physical mechanisms behind the observed differences, with due attention to numerical
reliability.



Among the geometric parameters governing turbine performance, blade number and rotor
solidity have received considerable attention. Experimental studies have shown that
changing the number of blades can alter the aerodynamic forces and the power coefficient
of a straight-bladed VAWT [2]. Research examining rotor solidity has likewise reported
changes in turbine performance and surrounding flow structures as the geometric
arrangement is modified [3,4]. Further numerical investigations have demonstrated that the
relationship between solidity, blade number, and operating conditions is not
straightforward; a configuration that performs favorably under one set of conditions may not
be equally effective under another [9]. This evidence highlights the importance of evaluating
turbine geometry in the context of its intended operating range rather than assuming that
increasing the number of blades or modifying a single geometric parameter will necessarily
improve performance.

Airfoil selection introduces another important consideration. The NACA 0018 profile has
been widely examined in VAWT-related research, making it a useful reference for studying
the aerodynamic behavior of straight-bladed rotors. Numerical investigations of this airfoil
have considered low-Reynolds-number conditions and the use of transition-sensitive
turbulence modelling, illustrating the importance of accurately representing flow
development around the blade [10]. Other studies have examined dynamic stall under
VAWT-like operating conditions and compared numerical predictions with experimental
observations [11]. Together, this work shows why airfoil behavior must be assessed under
relevant operating conditions rather than inferred from its static characteristics alone.

Chord length is closely linked to this aerodynamic behavior because it influences both the
blade geometry and the rotor’s effective solidity. A change in chord length can alter the
forces developed on each blade and the interaction between the blade and the surrounding
flow. Numerical research investigating chord length alongside rotor diameter has
demonstrated the value of considering these parameters together when evaluating straight-
bladed VAWT performance [12]. More recent work on blades with varying chord lengths has
also reported performance changes that depend on the selected configuration and
operating regime [13]. Although these studies provide a useful foundation for geometric
optimization, their findings do not automatically establish which chord length is most
suitable for a multi-layer rotor. That question requires a comparison using the specific blade
arrangement and operating conditions under investigation.

Performance measurements and coefficients alone also provide only part of the
explanation. Pressure distributions help indicate how aerodynamic loading varies across a
blade, while velocity and vorticity fields can reveal flow separation, vortex development, and
interactions between neighboring flow regions. These details are particularly relevant when



comparing configurations that show different static and operating torque characteristics. A
desigh may produce a favorable static torque response without necessarily delivering the
highest power during rotation. Research examining blade forces and flow characteristics
under different tip-speed ratios has illustrated the importance of relating aerodynamic
behavior to the rotor’s operating state [14]. For this reason, combining performance curves
with pressure and vorticity analysis can provide a more informative assessment than relying
on a single performance indicator.

Despite the substantial literature on VAWT aerodynamics, blade number, solidity, airfoil
characteristics, chord length, and three-dimensional flow, the combined influence of radial
separation between blade layers and the use of different airfoil profiles remains a specific
issue requiring further investigation. The arrangement of blades at different radial positions
may change the flow reaching neighboring blades and, consequently, influence torque
generation and the development of vortical structures. Adding another blade layer may also
change the balance between starting behavior and performance after rotation has been
established. These possible effects should be assessed through systematic comparison
rather than assumed to provide an improvement. In particular, it is important to distinguish
the configuration that generates the greatest static torque from the one that provides the
most favorable operating torque and power output.

To address these questions, the present study investigates the aerodynamic performance
and near-field flow characteristics of a small multi-layer, straight-bladed VAWT. The baseline
multi-layer design combines an inner NACA 0018 airfoil with an outer NACA 5412 airfoil and
examines different radial separations between the two layers under an incoming wind
velocity of 10 m/s. Single-layer configurations are included to provide a basis for
comparison. The study also examines chord lengths of 0.15, 0.20, and 0.30 m for selected
blade arrangements and considers an extended three-layer configuration. Static torque,
operating torque, output power, and power coefficient are used to compare performance,
while pressure and vorticity fields are analyzed to help interpret the aerodynamic differences
between configurations.

The study has five main objectives: (i) to determine how radial separation between blade
layers affects static and operating torque; (ii) to compare multi-layer arrangements with
single-layer configurations; (iii) to examine the influence of chord length on aerodynamic
performance; (iv) to use pressure and vorticity distributions to interpret the observed
performance trends; and (v) to assess the potential benefits and starting-performance
trade-offs associated with extending the design to three layers. By considering geometric
parameters alongside the corresponding flow-field characteristics, this research aims to
provide a clearer understanding of how blade-layer arrangement influences the behavior of



a small straight-bladed VAWT. The conclusions are intended to apply to the configurations
and operating conditions examined in this study and to provide a basis for subsequent
design refinement and validation.

2. Literature Review and Research Gap

2.1 Aerodynamic Performance of Straight-Bladed VAWTs

Previous studies have established that the aerodynamic performance of straight-bladed
vertical-axis wind turbines is strongly influenced by the interaction between blade geometry
and the surrounding flow. Unlike turbines operating under nearly steady aerodynamic
conditions, VAWT blades experience continuous changes in relative wind velocity and angle
of attack during rotation. These variations affect the instantaneous aerodynamic forces and
contribute to fluctuations in rotor torque and power output [1,5,6].

Experimental investigations have shown that the number of blades and rotor solidity can
significantly influence turbine performance. Li et al. [2] examined the effect of blade number
on aerodynamic forces, while Eboibi et al. [3] investigated how solidity affects performance
and the flow field at low Reynolds numbers. Further wind-tunnel experiments by Li et al. [4]
demonstrated the importance of evaluating blade loading when comparing different rotor
configurations. These findings indicate that the aerodynamic response of a VAWT depends
on the combined effects of its geometry and operating conditions. Consequently,
performance improvements should be assessed through systematic comparisons rather
than inferred from individual geometric parameters.

Research Workflow for Multi-Layer VAWT Analysis
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Figure 1:VAWT operating principle

2.2 Airfoil Selection and Unsteady Flow Behaviour



Airfoil geometry plays an important role in determining the forces generated by a rotating
blade. The NACA 0018 profile has been widely investigated in VAWT applications and
provides a useful reference for analysing aerodynamic behaviour under changing angles of
attack. Rogowski et al. [10] examined the aerodynamic characteristics of this airfoil at low
Reynolds numbers using a transition-sensitive turbulence model. Hand et al. [11]
investigated dynamic-stall behaviour under conditions relevant to vertical-axis wind
turbines, highlighting the importance of accurately representing unsteady flow phenomena.

These studies provide a foundation for examining airfoil behaviour in rotating applications.
However, the aerodynamic characteristics of one airfoil cannot automatically be used to
predict the performance of a rotor containing multiple airfoil profiles at different radial
positions. In the present study, the inner and outer layers use NACA 0018 and NACA 5412
profiles, respectively. Their combined performance must therefore be evaluated within the
proposed rotor configuration rather than inferred solely from results obtained for individual
airfoils.

Airfoll Profiles Used in the Multi-Layer VAWT

(a) NACA 0018

(b) NACA 5812

Figure 2: Airfoil profile used in the multilayer VAWT

2.3 Effects of Blade Geometry and Chord Length

Blade geometry affects both the aerodynamic loading of individual blades and the overall
characteristics of the rotor. Previous studies have shown that rotor solidity, blade number,
and operating conditions interact in ways that can influence the power coefficient and
torque response [2-4,9]. This relationship is particularly important for small VAWTs, where
changes in blade dimensions may alter the balance between aerodynamic loading and rotor
performance.

Chord length is another important design parameter because it affects the blade area and
contributes to rotor solidity. Tong et al. [12] investigated the effects of blade chord length and
rotor diameter on the aerodynamic performance of straight-bladed VAWTs. Karimi et al. [13]
examined blades with varying chord lengths and reported that the resulting performance
depends on the selected configuration and operating conditions. These studies support the
need to evaluate chord length systematically. Nevertheless, the most suitable chord length



for a multi-layer arrangement cannot be established without considering the specific rotor
geometry and the interaction between its blade layers.

In the present investigation, chord lengths of 0.15, 0.20, and 0.30 m are considered for
selected configurations. This comparison is intended to establish how chord-length
changes affect the calculated torque, power, and power coefficient under the conditions
examined. The results should be interpreted within the tested range rather than treated as a
universal relationship between chord length and turbine performance.

2.4 Numerical Modelling and Flow-Field Analysis

CFD has been widely used to investigate the aerodynamic behaviour of VAWTs because it
can provide information that is difficult to obtain from integrated performance
measurements alone. Zhang et al. [1] examined the sensitivity of numerical predictions to
computational-domain dimensions, mesh resolution, and time-step selection. Three-
dimensional studies by Li et al. [6,7] further demonstrated the value of analysing flow
structures and aerodynamic loads beyond a simplified two-dimensional representation.

The reliability of CFD results depends on the numerical model, boundary conditions, spatial
and temporalresolution, and validation approach. Therefore, predicted differences between
turbine configurations should be interpreted alongside the details of the computational
setup. Where possible, numerical results should be checked against experimental
measurements or other independently validated data [1,6-8].

Pressure and vorticity contours can also help explain the mechanisms associated with
different performance responses. Pressure distributions provide insight into the
aerodynamic loading across the blade surfaces, whereas vorticity fields help identify the
development and transport of vortical structures. Ali and Jang [14] investigated changes in
blade forces and flow characteristics at different tip-speed ratios, illustrating the importance
of examining the flow field in relation to operating conditions. In this study, pressure and
vorticity distributions are considered alongside torque and power results to support a
physicalinterpretation of the differences between the tested configurations.

2.5 Blade-Layer Separation and Multi-Layer
Configurations

The preceding studies provide a useful basis for understanding VAWT aerodynamics, airfoil
behaviour, chord-length effects, and numerical flow-field analysis. However, the combined
influence of radial separation between blade layers and the use of different airfoil profiles



requires further investigation for the particular compact multi-layer arrangement considered
here.

Changing the radial separation between the inner and outer blade layers may alter the flow
reaching neighbouring blades and influence the resulting aerodynamic forces. The direction
and magnitude of this effect cannot be established from spacing alone, because the
response may also depend on airfoil geometry, chord length, rotor operating conditions, and
the local flow field. Similarly, adding a third blade layer may change the torque response
while introducing additional aerodynamic interactions. These possibilities require direct
comparison using consistent geometric definitions and operating conditions.

A further consideration is that static torque and operating performance represent different
aspects of turbine behaviour. A configuration that produces relatively high static torque does
not necessarily deliver the highest operating power. Consequently, the assessment of multi-
layer configurations should consider starting-related torque behaviour and rotating
performance separately, while using flow-field analysis to investigate the reasons for any
differences.

2.6 Research Gap and Objectives of the Present Study

Based on the literature reviewed above, previous research has examined several important
aspects of VAWT design, including blade number, rotor solidity, airfoil characteristics, chord
length, dynamic stall, and three-dimensional flow behaviour [1-14]. These studies provide
established methods and physical insights for investigating turbine performance. However,
the specific combination of inner NACA 0018 and outer NACA 5412 profiles, alternative
radial layer separations, and an extended three-layer arrangement considered in this study
requires a dedicated evaluation.

The present study addresses this problem by comparing selected single-layer and multi-
layer configurations under an incoming wind velocity of 10 m/s. The investigation considers
radial layer separation, chord lengths of 0.15, 0.20, and 0.30 m, and the extension from a
two-layer to a three-layer arrangement. Static torque, operating torque, output power, and
power coefficient are used to compare the configurations, while pressure and vorticity
distributions are examined to interpret the predicted aerodynamic behavior.

The principal contribution of the study is therefore the systematic assessment of these
geometric variations within the investigated rotor design. Rather than assuming that a
smaller separation, a longer chord, or an additional blade layer will always improve
performance, the study evaluates the resulting trade-offs using the available numerical or



experimental evidence. The conclusions are restricted to the configurations and conditions
examined, providing a basis for subsequent design refinement and validation.

3. Geometry and Numerical Methodology

3.1. Geometrical Configuration

The present study investigates the aerodynamic performance and near-field flow
characteristics of a multi-layer straight-bladed vertical-axis wind turbine (VAWT). The
baseline configuration combines two airfoil profiles: NACA 0018 for the inner blade layer and
NACA 5412 for the outer blade layer. The influence of radial blade spacing and chord length
is investigated through a comparative analysis of different rotor configurations.

couyLLEOl}

Figure 3:Three dimensional assembly of the multilayer straight bladed VAWT

The reference mean radius is 0.45 m, and the baseline chord length is 0.15 m. Four two-layer
configurations, designated B-1 to B-4, are defined by changing the radial positions of the
inner and outer blade layers while maintaining a constant mean radius. The radial spacingis
defined as

s=R,—R; (1)

where S denotes the radial spacing, R,is the outer-layer radius, and R; is the inner-layer
radius.

Case Inner radius (m) | Outerradius (m) | Spacing (m) Chord (m)
B-1 0.33 0.57 0.24 0.15
B-2 0.36 0.54 0.18 0.15
B-3 0.39 0.51 0.12 0.15
B-4 0.42 0.48 0.06 0.15




Table 1:Geometrical parameters of the baseline VAWT configurations.

Figure 4 Source reported geometric parameters of the two layer configurations basline chord

The radial positions satisfy the prescribed mean-radius condition:
(Ri + Ry)/2 = 045m

Two single-layer reference configurations, B-5 and B-6, are also considered. B-5 uses the
NACA 0018 airfoil, whereas B-6 uses the NACA 5412 airfoil. Both are associated with the
reference radius of 0.45 min the original design description. The exact radius convention and
blade arrangement for these reference cases should be confirmed against the original CAD
geometry.

The baseline inlet velocity is 10 m/s. Additional chord-length cases use L=0.20 m and L=0.30
m, in addition to the baseline value of 0.15 m. These cases are intended to evaluate the
influence of blade chord on the aerodynamic response. The geometric parameters and
airfoil arrangements should remain consistent across all comparisons so that the effects of
individual design variables can be assessed systematically [9, 12].

Figure 5 Geometric variations associated with blade radii and inter layer spacing



3.2. Computational Domain and Boundary Conditions

A computational domain surrounding the turbine is required to investigate the incoming
airflow, blade-surface pressure distribution, and wake development. Previous VAWT studies
have shown that computational-domain dimensions and boundary placement can
influence predicted aerodynamic performance [15, 16]. Accordingly, the domain should be
sufficiently large to reduce artificial blockage and boundary interference.

The inlet wind velocity is specified as 10 m/s, consistent with the baseline condition in the
supplied design description. The inlet, outlet, and lateral boundary conditions must be
selected according to the adopted computational model. The air properties, operating
pressure, rotor angular velocity, and wall conditions must also be defined before the
simulation is performed.

Because the turbine rotates during operation, the numerical approach must account for the
relative motion between the rotor and the surrounding flow. A transient rotating-mesh
approach or another suitable rotating-domain method may be used, depending on the
available solver and the intended analysis. Previous numerical and experimental studies
have used three-dimensional CFD to investigate the aerodynamic loads and flow fields of
straight-bladed VAWTs [6, 7].

The final computational model must explicitly report whether a two-dimensional or three-
dimensionalrepresentationis used. For a three-dimensional model, the rotor height and end
conditions must be specified. For a two-dimensional model, the spanwise assumptions and
reference area used in performance calculations must be stated.

3.3. Mesh Generation and Mesh-Independence Assessment

The computational domain should be discretized with sufficient spatial resolution to capture
the flow gradients around the blade surfaces and the interaction between wakes generated
by the different blade layers. Local refinement should be considered near the leading and
trailing edges, in regions of flow separation, and in the wakes downstream of the blades.

Mesh independence should be assessed by comparing results obtained from systematically
refined meshes. At least three mesh levels are recommended for the assessment, using a
consistent performance quantity such as mean rotor torque or power coefficient. The
variation in this quantity between successive mesh levels should be reported to
demonstrate whether the solution is sufficiently insensitive to further refinement.



Mesh resolution and convergence assessment are important for VAWT simulations because
predicted performance can vary with grid refinement and the unsteady behaviour of the rotor
flow [15]. The final manuscript should provide the actual mesh counts, mesh type,
refinement settings, near-wall treatment, and quantitative mesh-independence results.

No mesh-independence result is reported at this stage because the computational model
has not yet been generated and tested.

3.4. Numerical Solver and Simulation Procedure

The numerical simulation should be conducted using a solver capable of representing the
relevant flow physics and rotor motion. The methodology must identify the governing
equations, turbulence model, pressure—velocity coupling scheme, spatial discretization
schemes, convergence criteria, and temporal discretization where applicable.

For a transient simulation, the rotor angular increment per time step and the number of
revolutions simulated should be documented. The torque history and relevant flow variables
should be monitored to determine whether the solution has reached a sufficiently stable or
periodic state. Published VAWT CFD guidelines emphasize the importance of selecting
appropriate domain dimensions, angular increments, and convergence procedures [16].

The specific solver, turbulence model, time step, mesh settings, and convergence
tolerances remain to be confirmed. These settings must be taken from the actual simulation
rather than assigned retrospectively.

3.5. Aerodynamic Performance Parameters

The aerodynamic performance of the turbine can be characterized using rotor torque,
mechanical power, tip-speed ratio, and power coefficient. The mechanical power extracted
by the rotating rotor is expressed as

P=Tw (2)
where P is mechanical power, T is rotor torque, and w

is angular velocity.

The tip-speed ratio is defined as

A= wR/Uw (3)

where R is the explicitly defined reference rotor radius and U is the free-stream wind
velocity.



The power coefficient is expressed as
Cyp = P/(2pAU°) (4)

Where p is air density and A is the reference swept area. For a conventional straight-bladed
rotor, the swept area is generally defined as

A=DH

where D is the reference rotor diameter and H is rotor height. The reference diameter must
be defined consistently for the multi-layer arrangement, and the same convention must be
applied when comparing the configurations.

Static torque and operating torque should be evaluated separately. Static torque
characterizes the rotor’s torque response at a specified stationary angular position, whereas
operating torque is evaluated during rotation. A configuration with a higher static torque does
not necessarily produce the highest operating power or power coefficient; this distinction
must be examined using the numerical results [9].

3.6. Near-Field Flow-Field Analysis

The near-field flow characteristics should be evaluated using pressure, velocity, and vorticity
distributions around the blade layers. Pressure contours can reveal local pressure
differences, while velocity contours can identify regions of acceleration, deceleration, and
wake formation. Vorticity distributions can be used to examine shear layers and unsteady
flow structures around the blades.

For comparisons among different configurations, contours should be extracted using
consistent sampling planes, rotor azimuthal positions, reference quantities, and colour
scales. The angular positions used in the analysis should be documented clearly and
applied consistently to all cases.

The influence of radial spacing and chord length should be evaluated by comparing the
calculated torque, power coefficient, and flow-field distributions. Interpretation of these
results must be supported by the actual numerical output. In particular, no quantitative
improvement in aerodynamic performance should be claimed until the simulations have
been completed and their numerical reliability has been assessed.

3.7. Summary of the Numerical Investigation



The numericalinvestigation is designed to compare the baseline two-layer configurations B-
1 to B-4, the single-layer reference cases B-5 and B-6, and the additional chord-length
configurations. The baseline geometric inputs are a mean radius of 0.45 m, a chord length of
0.15m, and an inlet velocity of 10 m/s.

The investigation will assess the effects of radial blade spacing and chord length on torque,
power coefficient, and near-field flow structures. The reliability of the final conclusions will
depend on the completed computational setup, mesh-independence assessment,
convergence checks, and consistent post-processing of the simulation results.

4. Results and Discussion

4.1 Effect of Inter-Layer Spacing on Aerodynamic Performance

The inter-layer spacing is a key geometric parameter governing the aerodynamic interaction
between the inner and outer blade rows of a multi-layer vertical-axis wind turbine (VAWT). In
the present study, four two-layer configurations were considered, with inter-layer spacings
of 0.24, 0.18, 0.12, and 0.06 m for configurations B-1, B-2, B-3, and B-4, respectively. The
single-layer configurations B-5 and B-6 were used as reference cases.

Changing the spacing modifies the flow passage between the blade layers and may affect
local acceleration, pressure distribution, wake interaction, and aerodynamic loading. The
resulting performance depends not only on spacing but also on the airfoil profile, blade
azimuth, and operating tip-speed ratio. Previous research on straight-bladed VAWTs has
similarly emphasized the importance of rotor geometry and aerodynamic interaction when
predicting turbine performance [17,18].

According to the source study, B-4, with a spacing of 0.06 m, produced the highest static
torque, whereas B-2, with a spacing of 0.18 m, was reported to provide the highest operating
torque, power, and power coefficient. These observations indicate that the configuration
producing the highest static torque may differ from the configuration providing the best
operating performance. The original result tables should be checked before these findings
are presented as definitive quantitative conclusions.

4.2 Effect of Airfoil Configuration

Airfoil geometry influences the aerodynamic forces acting on the blades and, consequently,
the torque generated by the rotor. The present design employs NACA0018 for the inner blade
layer and NACA5412 for the outer layer. The single-layer configurations B-5 and B-6 provide
a basis for comparing the two airfoil arrangements.



NACAO0018 is a symmetric airfoil, whereas NACA5412 is cambered. Their aerodynamic
behaviour may therefore differ under the same inflow conditions. However, the relative
performance of these profiles cannot be determined from their geometric characteristics
alone. The instantaneous angle of attack, Reynolds number, rotational speed, and
interaction with neighbouring blades also affect aerodynamic loading [17,18].

A meaningful comparison should therefore be based on torque and power-coefficient data
obtained under equivalent operating conditions. Pressure and velocity distributions can
provide further insight into the mechanisms responsible for any observed performance
differences. The airfoil effect should also be distinguished from the influence of inter-layer
spacing to avoid attributing changes in performance to the wrong geometric parameter.

Figure placement: Insert the actual B-5 versus B-6 performance comparison. The airfoil
profiles themselves should remain in Section 3.1 unless a separate profile comparison is
necessary.

4.3 Effect of Blade Chord Length

Blade chord length influences rotor solidity, blade loading, and the interaction between
adjacent wakes. The present study considers chord lengths of 0.15, 0.20, and 0.30 m to
examine the influence of this geometric parameter.

An increase in chord length may increase the aerodynamic force acting on an individual
blade. However, it can also alter the flow passage, wake development, and interaction
between neighboring blades. Consequently, a larger chord does not necessarily result in a
proportional increase in rotor power or power coefficient. The effect should be evaluated
through a consistent comparison of the relevant operating conditions and performance
metrics.

The chord-length variants should be compared using the actual torque and power-
coefficient results. Where available, pressure and velocity contours can help explain the
differences between configurations. Published work on VAWT aerodynamic modelling also
indicates that geometric effects should be interpreted together with the flow conditions and
the assumptions used in the numerical model [17,18].

Figure placement: Insert the actual chord-length performance graph after this subsection.
The geometric chord-length illustration can remain in Section 3.1.

4.4 Torque Characteristics

Torque is a fundamental parameter for evaluating the mechanical performance of a VAWT.
During rotor rotation, instantaneous torque varies with blade azimuth because the relative



flow velocity and aerodynamic forces acting on the blades change throughout the rotational
cycle.

Static torque describes the aerodynamic moment acting on a stationary rotor at a specified
angular position, whereas operating torque is associated with rotor motion under defined
operating conditions. These quantities represent different operating states and should
therefore be analysed separately.

The source study reports that B-4 produced the highest static torque, while B-2 provided the
highest operating torque. This distinction is important when selecting a rotor configuration
because the maximum starting moment does not necessarily correspond to the maximum
operating output. Experimental and numerical investigations have demonstrated the value
of evaluating VAWT performance under clearly defined operating conditions [18].

For areliable quantitative comparison, the mean operating torque should be calculated over
a representative interval after the simulation reaches a periodic or statistically stable
condition. The corresponding rotational speed and tip-speed ratio should also be reported.

4.5 Power Coefficient and Tip-Speed Ratio

The power coefficient,C, expresses the mechanical power extracted by a turbine relative to
the wind power passing through a defined reference area. Itis commonly expressed as

P,
Cp =z rotor3 (5)
ET'hO A Uoo

Where P,,:, is the mechanical power extracted by the rotor p is air density, A is the
reference area, and Uoois the free-stream wind velocity.

For a rotating rotor, mechanical power can be calculated from

Protor = Tw (6)

Where T is rotor torque and w is angular velocity. The tip speed ratio is defined as
A=wR/U, (7)
Where R is the reference rotor radius.

The variation of (, with tip-speed ratio provides an important measure of turbine
performance. However, the reference area and radius must be defined consistently across
the investigated configurations, particularly when comparing single-layer and multi-layer



designs. Numerical studies have shown that predicted power coefficients can be sensitive
to turbulence-model selection and the associated numerical assumptions [19].

The source study identifies B-2 as the configuration with the highest operating power
coefficient. The corresponding peak value, its tip-speed ratio, and the difference from the
baseline configuration should be reported only after checking the original simulation results.

Source plot A Source plot B

80 r 80

70 . 70

60 L R L s e o L
E 50 _’f 50 -
B o
@ @
S 40 —B-2 = 40 —B-4
3 . 3 |
o 30 (| ¢l 30 —C2
b : c3 L c4
£ 20 Hp g & 20 4

y\
10 } 10 -/\/
-4 A L . N DA g4 1 ‘

\% 0.5 1 15 2 25 3 35 [% 0.5 1 15 2 25 ] 35
10

flow time t/s flow tine t/s

Figure 6. Variation of power coefficient with tip-speed ratio for the investigated VAWT configurations.

4.6 Pressure Distribution and Near-Field Flow Characteristics

The pressure distribution around the blades provides insight into the aerodynamic loading
and interaction between the inner and outer blade layers. Pressure differences across an
airfoil contribute to the resultant aerodynamic force and influence the torque generated at
different blade positions.

In a rotating VAWT, the pressure field varies with blade azimuth because the relative flow
conditions change throughout the rotational cycle. Contours at selected angular positions
can therefore be used to examine the evolution of the pressure field and identify regions of
high and low pressure.

Forthe present multi-layer configuration, particular attention should be given to the pressure
distribution in the passage between the inner and outer blades. Nevertheless, the magnitude
and location of pressure differences must be established from the computed solution rather
than inferred from geometry alone.



Experimental and numerical investigations of VAWTs have demonstrated the importance of
comparing local aerodynamic behaviour with the corresponding performance predictions
[18,20]. Such comparisons can help establish whether the simulated flow structures
provide a physically consistent explanation of the observed torque and power
characteristics.
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Figure 7. Pressure distribution around the investigated VAWT at selected blade azimuthal positions.

4.7 Velocity Distribution and Wake Development

The velocity field illustrates the acceleration and deceleration of air around the blades and
the development of the downstream wake. The distribution depends on blade geometry,
rotational motion, local pressure gradients, and interactions between neighboring blades.

In the multi-layer configurations, the spacing between the inner and outer blades may
influence the velocity distribution through the inter-layer passage. Comparing velocity
contours at equivalent azimuthal positions can help identify regions of flow acceleration,
reduced velocity, and wake interaction.

Local flow-field validation is particularly relevant when interpreting numerical predictions.
Arpino et al. [20] presented particle-image-velocimetry measurements for a Darrieus-type
VAWT and established a benchmark for evaluating predicted local velocity distributions.
Their work supports the use of velocity-field comparisons as a complement to global
performance metrics.



Figure 8. Velocity distribution and wake development around the investigated VAWT configurations.
4.8 Vorticity Distribution and Unsteady Flow Behavior

Vorticity contours can be used to identify rotational flow structures associated with
separation, blade motion, and wake interaction. In a straight-bladed VAWT, the changing
angle of attack during rotation may produce unsteady aerodynamic behaviour and vortical
structures near the blade surfaces.

The distribution of vorticity may vary with blade spacing, airfoil profile, chord length, and
azimuthal position. In a multi-layer rotor, structures generated by the inner and outer blades
may interact. Whether such interaction improves or reduces performance must be
established by examining the computed flow field together with the corresponding torque
and power results.

For a meaningful comparison, the same vorticity definition and consistent contour limits
should be used across configurations. The analysis should rely on actual computed fields
and should not interpret schematic flow illustrations as numerical results.

4.9 Three-Layer Configuration and Performance Trade-Offs

The source study also considers a three-layer extension of the rotor geometry. The reported
observations indicate that this arrangement can produce higher torque, power, and power
coefficient, while exhibiting less favourable self-starting behaviour and a longer time to
reach steady operation.

These observations suggest that the performance of a multi-layer VAWT should not be
evaluated using peak operating output alone. Starting torque, transient response, and the
ability to reach stable operation are also relevant design considerations.



A recent experimental study of a triple-layer Darrieus VAWT investigated how the relative
orientation and radial position of an auxiliary blade affected starting and operating
performance [21]. Because the blade arrangement differs from the configuration considered
in the present study, its quantitative results should not be transferred directly. Instead, the
study demonstrates that the arrangement of the blade layers can be an important design
variable.

A quantitative comparison of the present two-layer and three-layer configurations should
include verified torque, power coefficient, and startup-response data obtained under
equivalent conditions.
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Figure 9. Comparison of the aerodynamic performance and transient response of the two-layer and three-layer VAWT
configurations.

4.10 Overall Discussion

The investigated configurations provide a basis for examining the combined effects of inter-
layer spacing, airfoil profile, and chord length on the aerodynamic behaviour of a multi-layer
straight-bladed VAWT. These parameters may influence the flow passage, pressure
distribution, wake interaction, and aerodynamic loading throughout the rotor cycle.

The source study distinguishes between static and operating performance. B-4 is reported
to produce the highest static torque, whereas B-2 is reported to provide the highest operating
torque, power, and power coefficient. These observations should be confirmed against the
original result tables and simulation conditions before a final design recommendation is
made.

A robust comparison should combine torque and power-coefficient results with pressure,
velocity, and vorticity distributions. Mesh independence, numerical convergence, and
validation should also be documented. Published investigations show that VAWT
performance predictions can be sensitive to the turbulence model and that experimental
comparisons are important for assessing numerical reliability [18-20].

The preferred configuration should therefore be selected using verified numerical results
and clearly defined performance criteria rather than geometric reasoning alone.
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Figure 10. Comparative aerodynamic performance of the multi-layer vertical-axis wind turbine configurations.

5. Conclusions

This study investigates the geometric and aerodynamic characteristics of a multi-layer
straight-bladed vertical-axis wind turbine, focusing on inter-layer spacing, airfoil
configuration, blade chord length, and near-field flow behaviour.

The following conclusions are supported by the design parameters and observations
reported in the source study:

1. Inter-layer spacing is an important design parameter. Four two-layer configurations were
considered with spacings of 0.24, 0.18, 0.12, and 0.06 m. These configurations provide a
basis for evaluating the influence of blade separation on aerodynamic performance.

2. Static and operating torque should be evaluated separately. The source study reports the
highest static torque for B-4, with a spacing of 0.06 m, and the highest operating torque for
B-2, with a spacing of 0.18 m. These observations require confirmation against the original
numerical results.

3. Airfoil selection requires quantitative assessment. The use of NACA0018 for the inner layer
and NACA5412 for the outer layer provides a basis for analyzing the effects of airfoil
geometry on aerodynamic loading. The relative performance of these profiles must be
established using the computed results.

4. Chord length should be assessed alongside other geometric parameters. The investigated
chord lengths of 0.15, 0.20, and 0.30 m may affect blade loading and wake interaction. Their
guantitative effects on power coefficient should be established using the corresponding
results.



5. Near-field flow analysis can help interpret performance differences. Pressure, velocity,
and vorticity distributions at selected azimuthal positions can help explain the aerodynamic
behaviour of the different configurations. These fields should be connected to the actual
torque and power calculations.

6. Multi-layer designs involve performance trade-offs. The source study reports improved
operating performance for its three-layer extension alongside less favourable self-starting
behaviour and a longer time to reach steady operation. Both operating output and transient
response should therefore be considered during design selection.

Overall, B-2 is reported as a potentially promising two-layer configuration for operating
performance, while B-4 is reported to provide the highest static torque. A definitive design
recommendation requires verification of the original numerical data, consistent
performance definitions, and documentation of humerical convergence and validation.

6. Limitations and Future Work

The present study examines selected geometric variations of a multi-layer VAWT. Several
aspects require further investigation to establish the reliability and practical applicability of
the findings.

First, the numerical methodology should be documented in sufficient detail, including the
computational domain, mesh characteristics, turbulence model, solver settings, time-step
selection, convergence criteria, and boundary conditions. Mesh-independence assessment
and validation against appropriate experimental or published data should be included where
available. Previous research has demonstrated that turbulence-model selection can
influence predicted VAWT power coefficients, wake characteristics, and blade
aerodynamics [19].

Second, the performance comparison should be supported by verified torque and power-
coefficient data. The reference area, rotor radius, and operating conditions used in the
calculations should be defined consistently across all configurations.

Third, future work could investigate a wider range of inlet velocities and tip-speed ratios.
Experimental measurements, including local velocity-field measurements where feasible,
could be used to validate the numerical predictions [18,20].

Finally, the influence of support structures, mechanical losses, three-dimensional flow
effects, and transient starting behaviour could be examined in subsequent studies. These
investigations would provide a more comprehensive assessment of the suitability of multi-
layer VAWTSs for practical applications.
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