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Abstract: Despite offering promising opportunities for wind energy harvesting in urban environ-
ments, vertical axis wind turbines face limitations in terms of poor starting characteristics. In this
study, we focus on analyzing improvements offered by dual-stage turbines for a range of wind
velocities. Numerical simulations are performed for different phase angles between the rotors (a
measure of relative angular positions of the blades in the two rotors) to quantify the response time
for their starting behavior. These simulations rely on a through sliding mesh technique coupled with
flow-induced rotations. We find that for U∞ = 4 m/s, the phase angles of 30◦ and 90◦ substantially
reduce starting time in comparison to a single-stage turbine. Dual-stage turbines with a phase angle
of 90◦ exhibit similar or better starting behavior for other wind speeds. The phase angle of 0◦ in
double-rotor turbines shows the poorest starting response. Moreover, it is revealed that stabilization
of shear layers generated by the blades passing through the windward side of the turbine, vortex-
entrapment by these rotating blades, and suppressing of flow structures in the middle of the wake
enhance the capacity of VAWTs to achieve faster steady angular speed.

Keywords: wind energy; vertical axis wind turbines; wake dynamics; computational fluid dynamics

1. Introduction

Intensified effects of climate change and implications of greenhouse gas (GHG) emis-
sions have recently accelerated research in the field of alternate energy systems. These
resources are advantageous to existing and conventional energy harvesting and power
generation technologies due to their limited GHG emissions. In this context, enormous
energy can be harnessed from wind through turbines in urban and off-shore environments
for power generation. To this effect, horizontal-axis wind turbines (HAWTs) have gained
popularity due to their capacity for greater power generation. However, vertical axis wind
turbines (VAWTs) provide more promising alternatives in urban environments due to
their small size and better aerodynamic performance at lower wind speeds. VAWTs are
quieter and their omnidirectional performance is suited to high turbulence levels in the
urban setting. There are some design concerns over the performance of these turbines
that require further research. Mainly, Darrieus-type or straight-bladed VAWTs require a
faster self-starting mechanism that does not rely on any external support or excitation.
There exist several definitions in the literature for defining the self-starting phenomenon
in VAWTs [1–4]. For a horizontal-axis turbine, Ebert and Wood [5] suggested that it was
simply necessary to minimize the time taken for blades to reach a reasonable rotational
speed to start loading the generator in order to produce power. According to Kirke [1],
a turbine must generate significant power for the self-starting process to commence ade-
quately. Lunt [2] defined this process for a turbine when it accelerates from a stationary
position to produce usable power output. Moreover, Takao et al. [3] presented a more
appropriate definition for a self-starting turbine without involving vague terms, such as

Energies 2022, 15, 9365. https://doi.org/10.3390/en15249365 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15249365
https://doi.org/10.3390/en15249365
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6595-6466
https://orcid.org/0000-0002-0693-351X
https://orcid.org/0000-0002-8897-4525
https://doi.org/10.3390/en15249365
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249365?type=check_update&version=1


Energies 2022, 15, 9365 2 of 19

usable outputs or significant power. They defined a turbine as self-starting if it accelerated
from a static state and attains a steady-state speed that is greater than the wind velocity.
It means that a turbine should have tip-speed ratio more than one to complete the self-
starting process. Usually, improvements in designs of VAWTs to address this particular
issue drastically impact their power production [6]. Hence, novel techniques are needed for
VAWTs to enhance their self-starting process adequately towards a desired power outcome.

In the literature, various efforts were reported to analyze and hasten the self-starting
of VAWTs. For example, Dominy et al. [7] developed a numerical model with symmetric
NACA-0012 blade profiles to demonstrate that a three-bladed turbine always had a po-
tential to self-start under steady wind flow. Their work also showed that the self-starting
process of a two-bladed VAWT depended on the initial orientations of the blades. Later, a
theoretical framework was developed by [8] using momentum models, and experiments
were also performed to examine the effects of airfoil shape on a vertical axis rotor. Such
momentum-based models were also used to determine virtual camber in VAWTs to correctly
predict their power on very low tip-speed ratios [9]. Worasinchai et al. [10] explained simi-
larities in the aerodynamics of flapping wings and VAWTs. They suggested that utilizing
unsteadiness in the upstream wind by the rotor geometry could enhance thrust generation
by the blades. They also concluded that this exploitation of unsteadiness was essential for
the VAWT to self-start, because the turbine was locked in a certain “dead” regime when
thrust was not continuously generated by the blades. To this effect, many studies [11–14]
have recently focused on modifying blade profiles and turbine geometries to increase the
starting time of VAWTs. Sun et al. [15] examined the effects of symmetric and asymmetric
cross sections of blades and their inertial properties on the self-starting capacity of VAWTs.
They reported that variations in the geometry of turbine blades could help enhance the
strength of the initially formed vortex in terms of vorticity and size over a blade’s surface to
reduce the starting time. Based on this finding, blades with EN0005-based cross-sectional
profiles showed better self-starting characteristics. However, they also observed that other
asymmetric blade profiles (e.g., NACA-1425 or NACA-4425) with selected camber and
thicker symmetric profiles (e.g., DU06-W-200) showed superior power production at wind
speeds below 6 m/s. Moreover, blades with thinner cross sections generated more power
at higher wind speeds. Celik et al. [6] performed numerical simulations to examine how the
number of blades and moment-of-inertia impact the self-starting of H-type straight-bladed
VAWTs. Their findings indicated that this process remained insensitive to inertial character-
istics of the blades. Another important observation in their work involved reducing the
starting time of a turbine by increasing the number of blades, which resulted in reduced
power output. More recently, Sun et al. [16] also studied the impact of variations in the
number of blades and offsets in their pitching angle on the power output. Their findings
revealed that an optimum pitching angle of −4◦ significantly increased the power output
as well as minimized the time for a turbine to self-start at wind speeds over 9 m/s. A
very recent work by [17] presented an interesting approach to compute localized flow
speeds near blades and their dependence on tip-speed ratios of VAWTs during different
revolutions when they are self-starting. They concluded that drag force along with lift
could be a substantial contributor in driving these turbines initially when the blades would
be likely to experience high angles-of-attack.

Another very promising modification in designs of VAWTs involves the addition of
another rotor inside the primary rotor of H-type VAWTs. A few studies have reported
the benefits of increase in power generation and improved static torque by such configu-
rations [18–28]. Particularly, Torabi Asr et al. [21] performed two-dimensional numerical
simulations to show faster starting and more power extraction of double-stage VAWTs
than a single-rotor counterpart by offering smaller cut-in wind speeds and lower starting
time. Later, Chen et al. [29] employed computational simulations to investigate the role of
distance between the two rotors for the aerodynamics and starting of dual-stage VAWTs. In
their cases, these turbines produced less power compared to a single-rotor configuration,
but significantly reduced the starting time. With this background, it is important to further
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analyze effects of the phase angle between rotors of dual-stage turbines for a range of wind
speeds to identify adequate locking mechanisms under distinct flow conditions to attain
the desired results. Another motivation for choosing such configurations for aerodynamic
designs comes from schooling behavior of fish, which can move in circular formations. It
demonstrates prospects to enhance performance metrics as also recently shown by [30]
for a Savonius turbine. More nature-inspired mechanisms to improve energy harvesting
from VAWTs were described by [31]. Hence, we focus on this particular subject in our
present work and employ computational simulations to quantify the performance of both
single- and dual-stage turbines and qualitatively analyze their self-starting behavior and
power generation capacity. The primary novelty of our present work lies in explaining
physical mechanisms around the rotating blades in VAWTs, which play a critical role in
quickly reaching steady-state. Another aspect is explaining the impact of different geo-
metric configurations on their self-starting behavior. The simulations were made without
loading the rotor because any load would increase the starting time. It is emphasized that
the simulations do not give information on the power extraction capacity of dual-rotor
VAWTs. This is an important topic, but one that should be explored only if the dual-rotor
turbine starts more rapidly than a single-stage one.

The manuscript is organized as follows. Section 2 explains the geometric and kine-
matic configurations of vertical axis wind turbines as well as our numerical methodology
for flow-induced rotations of vertical axis wind turbines. It also presents detailed val-
idations and verification of our computational strategy. In section sec:esults, we first
elucidate the quantitative performance metrics of the single- and dual-rotors VAWTs sup-
plemented later by the governing unsteady physical mechanisms that lead the turbines to
their steady-state rotations.

2. Numerical Methodology

In this section, we describe the computational methodology employed to perform
simulations for single-stage and dual-stage VAWTs. This analysis includes simulating their
flow-induced rotation at various operating conditions. We also provide details on the
verification and validation studies associated with the current setup.

2.1. Geometry and Kinematics

Two-dimensional single-stage and dual-stage configurations of H-type Darrieus vertical
axis wind turbines with rigid symmetric NACA0018 airfoils were employed for this study.
It is important to note that the flow-induced motion of the rotors in the present work does
not include structural deformations of the blades. Schematics of the single- and double-
rotor configurations of the VAWTs presently under consideration and a schematic of the
flow domain are shown in Figures 1 and 2, respectively. The key details about kinematics
and geometries are outlined in Table 1 along with the ranges of governing parameters that
quantify the performance of VAWTs.

Table 1. Geometric and flow parameters for VAWTs, where subscript “1” denotes the primary, outer
rotor and “2” the inner, secondary one.

Parameters Value

Cross section of blades NACA0018
No. of blades in single-stage turbines 3
No. of blades in dual-stage turbines 6

Free-stream velocity (U∞) 4–10 m/s
Chord length of blades in primary rotors (c1) 0.06 m

Radius of the primary (outer) rotor (R1) 0.5 m
Ratios of radii for primary and secondary (inner) rotors R1/R2 = 0.85

Geometric ratios for blades in primary and secondary rotors c1/D1 = c2/D2 = 0.06
Angle between the blades of primary and secondary rotors (φ) 0◦–90◦

Reference area (A) 1 m2
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Figure 1. Schematics of single- and dual-stage turbines.

Figure 2. A schematic (not to scale) of the computational domain with the description of boundary
conditions.

2.2. Flow Solver

The simulations were performed using ANSYS Fluent 2020R2 [32], a commercial
finite-volume based computational solver, which has gained popularity among researchers
for simulations of flow over wind turbines [33–36]. Here, incompressible continuity and
unsteady Reynolds-averaged Navier–Stokes (URANS) equations are solved in Cartesian
coordinates through the pressure-based algorithm. Although a PISO (pressure implicit
with splitting operators ) scheme is recommended for unsteady flows [37], it is usually
advantageous when a large time step (∆t) was adopted to computationally march in time.
Hence, the Semi-Implicit Method for Pressure Linked Equation (SIMPLE) algorithm is
adopted for our current simulations to improve the computational efficiency.

The least square cell-based technique was utilized for the computation of gradient
terms, second-order scheme for convective pressure terms, and second-order upwind
technique for diffusion terms in the momentum equation. Although third-order algorithms
may also be used for the terms with Laplacian operator, those are computationally expen-
sive. The advantage of upwind schemes is the provision of greater stability in numerical
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simulations. The unsteady term was numerically approximated by the second-order im-
plicit scheme, as also recommended by [38]. These unsteady simulations were performed
through the sliding-mesh technique, which allows physical rotation of the turbine without
disturbing the original mesh. Rezaeiha et al. [39] suggested that Shear Stress Transport (SST)
turbulence models performed well in capturing the flow features for VAWTs and results
obtained through them closely matched with experiments. Therefore, a four-equation
transition SST turbulence model was employed to predict the turbulent flow features and
accurately capture the laminar-to-turbulence transition. The convergence criterion for the
iterative solution at each time step was set to 10−4. All the simulations ran for sufficient
time, so that the VAWTs attain their steady-state tip-speed ratios.

2.3. Computational Domain and Boundary Conditions

An H-grid method with a rectangular computational domain was used in this study,
shown in Figure 2. A uniform flow-velocity was prescribed at the inlet boundary located at
a distance of 10D from the central axis of the turbine. Gauge pressure was set as zero on
the pressure outlet boundary located 20D away from this axis. Top and bottom boundaries
were set as symmetry, and each one was located at a distance of 10D from the center
of the turbine. All domain boundaries were adjusted following the recommendations
of Rezaeiha et al. [40]. The main objective of performing sensitivity studies on domain-size
independence is to ensure accuracy in capturing the physical phenomena around rotating
blades and computing their performance parameters. Rezaeiha et al. [40] concluded through
extensive 2D and 2.5D simulations that inlet, outlet, and side boundaries should be kept
at a minimum distance of 10D from the center of the turbine to minimize their impact on
numerical accuracy, let the wake fully resolve, and avoid blockage effects.

To incorporate the sliding mesh techniques, the computational domain was divided
into three zones for both single- and dual-stage VAWTs. Zones 1 and 2 are shown in
Figure 3. Both these zones remain stationary and are connected by an interface, which
enabled communication of flow information between neighboring domains through a
non-conformal meshing algorithm. Zone 2 was used to capture complex details of the
wake of the rotating turbine. Figure 3a presents the meshing features inside all three zones.
Here, Zone 3 contains blades for the outer and inner stages of the turbine. This domain
rotates around the central axis of the VAWT. Figure 3b,c exhibit the very fine grid near
the leading and trailing edges of the foils with y+ = 1, respectively, which is sufficient
to accurately capture the boundary layers around these rotating structures. It is evident
from Figure 3d that we control these mesh settings in order to slowly vary the mesh size
and avoid large gradients. Numerical errors are avoided by keeping the same cell size
around the interface boundary between the rotating and static domains. The current setup
follows the recommendations of Rezaeiha et al. [40], whose study reveals that the radius of
a rotating domain in such simulations does not have significant effects on the aerodynamics
of wind turbines. Although the Reynolds number Re for flows around a rotating machinery
involves velocity scales that are dependent on both free-stream/local air speed and the
angular velocity of the machines, the “averaged” Re can be defined as:

Re =
(U∞

2 + Ω2)0.5D1

ν
(1)

where Ω denotes the angular speed of the turbine, and ν is the kinematic viscosity of
air. Considering the speeds of air in this work, the initial values of Re range from
2.7 × 105 to 6.75 × 105. As a turbine accelerates to gain its steady rotational speed, Re
increases substantially.
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Figure 3. Mesh settings in difference zones of the flow domain and near the blades.

2.4. Flow-Induced Rotation of Turbines

The simulations for flow-induced rotation of single-stage and dual-stage VAWTs
provide insights to their self-starting with different geometric configurations. In such cases,
turbines are allowed to rotate passively as a result of flow-induced forces and moments
on blades instead of prescribing the angular velocity of rotors. For this purpose, the
six degrees-of-freedom (6DoF) solver in ANSYS Fluent [32] was employed to solve the
following equation for dynamics of the rotational structure.

Iθ̈ = ∑ M◦ (2)

where I represents the moment of inertia of the VAWT, θ̈ denotes its angular acceleration,
and M◦ is the total moment produced by the blades of the turbines around the central axis,
which makes it equal to τ. Next, the angular velocity (Ω = θ̇) of the turbine is computed by
numerically integrating Equation (2) through a trapezoidal rule. It is important to mention
that coupled rotation of the two rotors for dual-stage turbines is considered in the present
study, where both outer and inner rotors rotate have the same angular velocity. Here, the
summation of aerodynamic moments represents the total torque induced by the wind on
rotors. The mass of each blade in the outer and inner rotors is considered as 0.06 kg and
0.051 kg, respectively. Their respective moments-of-inertia are then computed as:

Iouter = 3m1R1
2

Iinner = 3m2R2
2

(3)

where m1 and m2 show masses of each blade in the outer and inner stages, respectively.
Hence, the single- and dual-stage turbines have I = 0.045 kgm2 and 0.0726 kgm2, re-
spectively. It is important to note that the values of masses for blades in these turbines
are chosen to keep moments-of-inertia in the range of those provided by others in the
literature [6].

2.5. Key Performance Parameters

The following parameters are generally used to describe the flow as well as the
geometric and kinematic features of wind turbines. First is the tip-speed ratio defined as:

λ =
ΩR1

U∞
(4)
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where R1 is the radius of the outer rotor of a turbine, and U∞ represents the free-stream
flow velocity.

In order to measure the aerodynamic performance of wind turbines, non-dimensional
torque (moment) and power coefficients, denoted as Cm and CP, respectively, are computed
for all cases, which are defined as:

Cm =
τ

qR1 A
,

CP =
τΩ

qU∞ A

(5)

where τ denotes torque of the VAWT, A is the swept area of the turbine, and q = ρU2
∞/2

is the dynamic pressure. The swept area is a factor computed through multiplying the
turbine height (1 m for the current 2D cases) with its outer diameter.

2.6. Validation and Verification

The accuracy of computational results depends on mesh topology, which also has a
strong impact on boundary layer flows. Hence, we performed detailed grid convergence
tests to ensure that the results were not significantly impacted by an increase in mesh sizes.
For this purpose, the computational domain around a dual-stage VAWT was decomposed
in non-homogeneous grids with unstructured triangular cells in the fluid domain and
26 layers of quadrilateral elements around each blade to accurately resolve boundary layers.
We controlled the grid size by changing the maximum sizes of the grid in different zones
while keeping y+ value of the order of 1. This parameter helps compute the height of
the first cell from the blade’s surface. Its accuracy plays a critical part in resolving the
viscous sublayer in turbulent boundary layers. Here, three mesh sizes were considered for
a constant tip-speed-ratio of λ = 4.0, the details of which are provided in Table 2. In these
simulations, we set the time-step size according to a change of 0.2◦ in the azimuthal angle
per time step. The maximum cell size for the outermost static domain, identified as Zone 1
in Figure 3 is 0.5 for all the cases considered here, because the far-wake region does not
influence the dynamics of turbine significantly.

Table 2. Details of mesh topology in different zones for grid-independence tests, where the sizes are
nondimensionalized by the outer diameter (2R1) of the VAWTs

Details of Grid G1 Coarse G2 Medium G3 Fine

Mesh Nodes on Each Blade 400 400 400
Maximum Size in Zone 2 0.02 0.015 0.01
Maximum Size in Zone 3 0.002 0.00135 0.001

Total Number of Cells 271,223 510,530 1,199,418

Figure 4 presents profiles of moment coefficient of one outer blade in a dual-stage
rotor, undergoing rotation with λ = 4.0. It is apparent that all three grids produce the same
Cm, and small differences arose only for 240◦ < θ < 350◦. Because the grid configuration
G2 matches more closely to G3, the remaining simulations were run with the mesh settings
of G2. In order to further demonstrate the effectiveness of our grid-convergence study, we
employed another parameter called the determination coefficient (R2) and used by [17,41]
to quantify variations in the final solution for different grids. The expression is,

R2 = 1 −
∑360◦

θ=0◦ [Cm(θ)− Cm, f inal(θ)]
2

∑360◦
θ=0◦ [Cm(θ)− Cm,average]2

(6)

where Cm(θ) and Cm,average are the instantaneous and cycle-averaged moment coefficients
for the grid under consideration, In addition, Cm, f inal(θ) is the moment coefficient for the
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finest mesh. This determination coefficient takes values of 0.9829, 0.9844, and 1 for the
coarse, medium, and finest grids, respectively, in the present study.

Figure 4. Cm of a single blade in a dual-stage turbine (φ = 0◦) rotating with λ = 4.0 for different grid
configurations.

The rotation of blades in close vicinity could influence flow separation from their
surfaces. There are two important aspects for modeling such phenomena: (i) fine resolution
of mesh in the vicinity of the rotating blades so that unsteadiness and important length
scales of flow features may be well captured and (ii) accurate modeling of turbulent flows
around the blades, which may be subjected to transitional effects. Figure 3 shows the fine
resolution of mesh in the regions between and around the blades. As demonstrated by [40],
SST-based models provide the best agreements with experimental results for flow features
around blades in VAWTs. These features include dynamic stall along with the related
growth, shedding, and traversing of vortices in the wake. The four-equation transition SST
model proves to be a superior choice to predict circulation and timings of vortex shedding
process from the rotating blades.

We validate our computational setup using previously published experimental [42]
and numerical studies [15,43]. The specifications of the VAWT for the validation study are:
NACA0018 represents the cross section of a blade with chord-length of 0.083 m, the radius
of the rotor in this case is 0.375 m, moment-of-inertia of the turbine is 0.018 kgm2, and the
wind speed is 6 m/s. Figure 5 shows variations in tip-speed ratios of a vertical axis wind
turbine, where the present simulation methodology performs better in comparison to the
previously reported numerical investigations with respect to experiments of Rainbird [42].
Here, T denotes the time when the turbine attains its steady-state tip-speed ratio. When
the turbine begins its rotation, it undergoes a slow acceleration stage up to t/T = 0.7, after
which a rapid increase in its rotational velocity is observed.

Rainbird [42] reported the steady-state tip-speed ratio of ∼3.40. Asr et al. [43] and
Sun et al. [15] found this value to be 4.3 and 3.63, respectively. The present methodology
not only predicts the rotation rate during the acceleration stages with comparative accu-
racy, but also gives the final value of the tip-speed ratio as 3.70, which is close to the one
determined experimentally. It is important to mention that Asr et al. [43] and Sun et al. [15]
employed first-order implicit time-marching numerical schemes in their studies, which
could cause overprediction of performance parameters for the VAWT. A plausible reason
for more accurately capturing the temporal variations in the angular velocity in our sim-
ulation is the utilization of the second-order implicit algorithm to march in time. Using
the sliding-mesh technique may also help achieve better results because dynamic meshing
techniques introduce additional diffusion and constant variations in the grid quality. The
reason for a slight overprediction of the steady-state λ is the two-dimensional modeling of
this VAWT. The span of each blade in the experiments of Rainbird [42] was 0.60 m. This
feature introduces span-wise flow over a blade and consequent reduction in aerodynamic
torque. Nevertheless, our two-dimensional simulations capture the relevant quantitative
and qualitative details with reasonable accuracy. The time-step size (dt) used for these simu-
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lations is 0.0005 s, which is sufficiently small to capture highly unsteady flow characteristics
around the turbines, and it is also consistent with the recommendations of [43].

Figure 5. Results to validate the present computational methodology using experimental and numer-
ical results from literature [15,42,43].

3. Results and Discussion

In this section, we discuss effects of the wind velocity on self-starting characteristics
and passive rotation of VAWTs. In this context, the performance of single-stage and dual-
stage VAWTs are compared in detail. To explore the dynamic response of multi-stage
turbines, the phase angle between inner and outer rotors is varied from 0◦ to 90◦.

There are different perspectives within the wind turbine community on the definition
of the self-starting process of VAWTs [7,10,44], as well as how best to illustrate it. Generally,
a turbine is considered as self-starting if it can accelerate and attain a steady-state angular
velocity in response to the aerodynamic forces and moments on its own without any
external excitation [8,15]. Its ability to self-start can be determined through the time taken
to reach a steady-state rotational speed. Figure 6 shows variations in λ versus time, non-
dimensionalized by the factor U∞/R1 for single- and dual-stage turbines. For the lowest
wind speed, i.e., U∞ = 4 m/s in Figure 6a, the dual-stage turbines are observed to reach
steady-state λ more quickly compared to their single-stage counterpart. Here, time is
nondimensionalized by U∞/R1, and it is denoted with the symbol t?. The single-stage
VAWT experiences slow acceleration until t? = 80 from which point onward it rapidly
increases its rotation rate and attains the steady-state condition of λ = 5.06 at t? = 114. It is
interesting to notice that the dual-stage VAWT with φ = 0◦ cannot attain high λ even after
rotating for a longer period of time. Its maximum λ remains at 0.63, which is achieved at
t? = 100. Its dynamic response seems to become locked in a state, which is unrecoverable,
and the underlying reasons are unclear. This kind of behavior was previously observed by
Liu et al. [44] for a vertical axis tidal turbine, and they termed it as the “unstable equilibrium
mode”. For φ = 30◦ and 90◦, the dual-stage turbine accelerates more quickly compared
to the single-rotor VAWT. The dual-stage versions, except for the case of φ = 0◦, attain
steady-state λ = 3.83. However, the turbine with φ = 30◦ reaches its steady-state condition
faster than the other cases. Hence, dual-stage turbines outperform the one with a single
rotor at very low wind speeds in terms of better self-starting characteristics.
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Figure 6. Temporal variations in tip-speed ratios (λ versus nondimensional time t∗) of single- and
dual-stage turbines for U∞ = (a) 4.0; (b) 6.0; (c) 8.0; and (d) 10.0 m/s.

For the case of a higher wind speed at U∞ = 6.0 m/s, the single-stage VAWT accel-
erates very rapidly and achieves λ = 5.26 at t? = 88.6. Performance of the dual-rotor
VAWT with φ = 0◦ remains the lowest of all configurations. Although it attains the same
steady-state condition with λ = 4.04, as was observed for turbines with φ = 60◦ and 90◦, it
takes more time. The configuration with φ = 30◦ is the fastest amongst the configurations
considered here; however, it achieves the maximum λ of 3.7. As shown in Figure 6c, the self-
starting capability of the single-stage VAWT is superior to that of other dual-stage turbines
at U∞ = 8.0 m/s. The VAWTs with two rotors spend more time to reach their steady-state
with λ = 4.15, whereas those with φ = 30◦, 60◦, and 90◦ take t? = 107, 115, and 95 to
reach steady-state, respectively. Looking at the trends of λ for U∞ = 10 m/s in Figure 6d, it
can be assessed that φ = 30◦ or 90◦ is advantageous for dual-stage VAWTs. In addition, a
reasonable argument for the rapidly accelerating single-stage turbine at higher wind speed
is related to its lower moment-of-inertia. It is evident that the multi-rotor VAWTs with
phase angles between 30◦ and 90◦ offer more promising self-starting characteristics even
with 38% greater inertia. Simultaneously, configurations with φ = 0◦ should be avoided.

In order to have more insight into the aerodynamic performances of these turbines,
the total torque experienced by the single-stage turbine and four different configurations of
dual-rotor VAWTs are plotted in Figure 7. Here, all turbines initially experience small torque
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with more intense random fluctuations. Nevertheless, all the cases exhibit the production
of positive time-averaged τ, which enhances acceleration of turbines. As time progresses,
these rotating structures, except the one with φ = 0◦, experience sharp increments in their
torque profiles, which we call the “overshoot” phenomenon. After passing through this
stage, the single-stage turbine and dual-rotor VAWTs with φ = 30◦, 60◦, and 90◦ reach their
periodic steady-state response in terms of aerodynamic torque. After attaining their steady-
state operations stages, all turbines produce zero time-averaged torque, which reflects the
attainment of steady angular speed. Although the dual-stage VAWT with φ = 0◦ does not
experience an “overshoot”, it exhibits periodic oscillations in its torque profile as shown in
Figure 7b. It also elucidates the reason for the VAWT not undergoing any rapid acceleration
and maintaining a very low steady-state value of λ.

Figure 7. Variations in τ for the (a) single-stage turbine and dual-stage turbines with (b) φ = 0◦;
(c) φ = 30◦; (d) φ = 60◦; and (e) φ = 90◦ at U∞ = 4 m/s.
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The quantifiable aerodynamic performance of turbines depends on the flow physics in
their vicinity and its interaction with blades. Instantaneous locations of blades determine
their effective angles-of-attack (αe f f ), which can be defined as:

αe f f = tan−1 sin θ

cos θ + λ
(7)

Figure 8 demonstrates how αe f f varies as a function of the azimuthal position of blades,
denoted as θ. Figure 8a explains why a dual-rotor VAWT with φ = 0◦ does not perform
well at U∞ = 4 m/s. This configuration experiences very large effective angles-of-attack.
The remaining VAWTs show identical sinusoidal profiles for their angles-of-attack.

Figure 8. Variations in αe f f as the function of the azimuthal position (θ) of blades in the outer rotor
for U∞ = (a) 4 m/s; (b) 6 m/s; (c) 8 m/s; and (d) 10 m/s.

Comparing this information with unsteady aerodynamic forces presented in Figure 9a1,a2,
the large effective angles-of-attack (αe f f ) are responsible for the production of only negative
lift and lower drag over the blades of a dual-stage turbine with φ = 0◦. It is also noteworthy
that the dual-stage VAWT with φ = 90◦ produces the maximum amplitudes for lift and
drag at very low wind speeds. For all the remaining wind speeds in Figure 9b–d, αe f f
remains lower than 16◦. Under these flow conditions at large Reynolds numbers, dynamic
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stall may occur at relatively lower angles-of-attack, usually in the range of 12◦–17◦ for
NACA-0012 and NACA-0018 airfoils [45,46]. We also notice in Figure 9 that blades of the
dual-stage VAWT with φ = 60◦ produce smaller amplitudes of unsteady lift and drag
forces, which further impedes the production of greater torque.

Figure 9. Variations in aerodynamic lift and drag forces versus azimuth angle (θ) for (a1,a2) U∞ =

4 m/s (b1,b2) U∞ = 6 m/s; (c1,c2) U∞ = 8 m/s; and (d1,d2) U∞ = 10 m/s.

At the end of the Introduction, it was stated that determining the power generation
by dual-stage turbines should be performed only after establishing their self-starting
characteristics. If they do not start faster, we believe there is no point in pursuing multi-
stage rotors for VAWTs. The 6DoF starting calculations do not provide the extracted power
as they only consider the flow-induced motion of rotors, whereas computations of power
extraction require different solver settings to apply the equivalent of a generator load,
as explained by [44]. It is important to note that other simulations, such as performed
by [6], using 6DoF solvers assumed that the instantaneous torque and omega provided an
equivalent metric to the steady values of power extraction, which is fundamentally wrong.
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This measure may only provide the rate of work performed by the passing fluid on the
blades for their rotation.

Next, we elucidate the starting process and the underlying governing flow physics for
the VAWTs. When a single-stage VAWT begins rotating at U∞ = 4 m/s, the blade on the
windward side (θ = 0◦) of the flow domain produces two shear layers of opposite vorticity
in the first revolution. Figure 10a illustrates this scenario. These shear layers are rolled into
vortices when the blade is at θ > 45◦. Because the other two blades experience larger angles-
of-attack at this instant, they produce large strong vortices traversing in the downstream
direction. During initial revolutions of the turbine, blades start capturing vortices shed
by other blades when they pass through the windward side. These interactions between
blades and coherent structures cause intermittent vortex dynamics in the wake as shown in
Figure 10b. Primary flow activity remains confined towards the middle of the flow domain.
These flow patterns explain the production of random-looking fluctuations in temporal
profiles of unsteady forces and torque. At this stage, λ remains below 0.50, while there are
oscillations of low amplitudes in plots of λ (see Figure 6a). With increasing acceleration
at t? = 32, the blades passing through the windward side produce distinct vortices for
θ ∼ 80◦ (see Figure 10c). It allows the blades to maintain their shear layers for a longer
circumferential distance which they begin to form at θ = 0◦. Each following blade interacts
with these shear layers, and more coherent flow structures traverse along the windward
side of the wake. The vortices travelling on the leeward end of the turbines are shed from
the blades passing through 180◦ < θ < 270◦. Nevertheless, this flow activity expanded over
the whole plane of the flow field as the turbine picks up more speed. Intense interactions of
each blade with vortices and shear layers produced by the other two blades are observed
in Figure 10d. We also notice the mitigation of randomness in the fluctuations of unsteady
loads on blades with an increase in their amplitudes.

For t? > 80, the turbine undergoes rapid acceleration, and we see an overshoot in the
torque profile (see Figure 7a). Now, the wake is clearly bounded by two vortex streets with
negative and positive vortices traversing on the windward and leeward sides, respectively,
as presented in Figure 10e. Vortices in the middle are not strong with smaller length scales
and quickly diffuse, which means that convection of secondary coherent flow structures
is suppressed by the turbine in order to reach its steady-state. The primary reason for the
disappearance of flow activity from the middle of the wake is the entrapment of vortices
between the rotating blades with high angular velocities on the windward side. As the
turbine approaches its steady-state rotation, blades stop producing distinct vortices during
their entire rotation cycle. Thus, distinct shear layers are formed and maintained, which
is due to the blades experiencing angles-of-attack lower than their stall angles such that
they do not undergo dynamic stall in this operational phase with increasing speed of the
turbine. Stabilization of these shear layers then causes the production of helical vortices in
three-dimensional flows around rotating machines [47]. In this stage of their flow-induced
rotation, the shear layers of blades are only destabilized when the blades pass through the
regions of entrapped vorticity on windward and leeward sides. Due to this phenomenon,
more distinct coherent structures are shed on the windward side and an elongated shear
layer of positive vorticity is seen to traverse in the downstream direction on the leeward
side. It means that entrapment of vorticity by the rotating blades plays an important role
in setting up flow dynamics in the wake to a steady-state and help the turbine attain its
final λ. Although the wake is clearly asymmetric in this state, it resembles a classical von
Karman vortex street behind an oscillating/rotating cylinder [48,49]. We observe similar
flow phenomena for the whole range of U∞ considered in this study. However, three
important phenomena occur with increasing U∞: (1) the region of entrapment for vortices
expands between the rotating blades, (2) the vortices shed by the turbines on windward
and leeward sides become stronger and bigger in size, and (3) the turbines are able to attain
their steady-state operational phase in less time.
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Figure 10. Vorticity contours in the flow field of a single-stage turbine at U∞ = 4 m/s at (a) t? = 6.1;
(b) t? = 24; (c) t? = 32; (d) t? = 80.8; and (e) t? = 104.8.
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Similar flow physics also hold for dual-stage turbines. The readers are encouraged to
watch the flow animations provided with this paper, which elucidate vorticity dynamics
around the single-stage and dual-stage VAWTs for U∞ = 6 m/s. Now, we describe the
governing flow mechanism for the dual-stage turbine with a zero phase angle between its
two stages, which appears as an exception from the abovementioned reasoning. Figure 11
explains the governing flow physics of this dual-stage VAWT. It is evident that shear layers
formed in the wake of the rotating outer blades at θ = 0◦ are destablized due to their
continuous interactions with the closely rotating inner blades. This phenomenon does
not allow the blades to delay the stall process over them even after a number of rotations.
Consequently, vortices are continuously formed and shed into the wake. These vortices
cannot be trapped inside the rotating turbine and keep traversing in the wake. Moreover,
the proximity of the inner blades and its impact on the destabilization of the shear layers
could be one of the main contributing factors for the poorest starting performance of dual-
stage VAWTs with φ = 0◦ as presented in Figure 6. Another important point here is about
the dual-rotor turbines with φ = 60◦, reaching their steady-state rotational speeds little
later than those with φ = 30◦ and 90◦. A reasonable argument for this behavior is the
stabilization of the shear layers around the rotors before their shedding in the wake. The
blades arranged in tandem configurations perform better for self-starting. Their immediate
presence behind their counterparts helps the turbines attain that state of stabilization. On
this ground, an arrangement with φ = 60◦ seems to be less advantageous compared to
φ = 30◦ and 90◦.

Figure 11. Vorticity contours in the flow field of a dual-stage turbine with φ = 0◦ at U∞ = 4 m/s at
(a) t? = 47.7 and (b) t? = 122.5.

4. Conclusions

In this study, numerical simulations are carried out to examine the self-starting char-
acteristics of dual-rotor turbines in comparison to those with a single rotor. We find that,
for very low wind speed of 4 m/s, dual-stage turbines with φ = 30◦ and 90◦ significantly
reduce the response time to attain a steady-state tip-speed ratio, which demonstrates im-
provements in their self-starting process. Having φ = 0◦ in double-rotor turbines is not
recommended because they take longer time to undergo rapid acceleration stage and reach
steady-state. It experiences very large angles-of-attack during its rotation, which locks
it in a dead band. Moreover, the dual-stage VAWT with φ = 90◦ is the best option to
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perform well in all wind conditions. The following three physical mechanisms play a
critical role to help a turbine attain a steady angular speed: (i) stabilization of the two
shear layers comprising the wake of blades passing through the windward side of a tur-
bine, (ii) vortex-entrapment due to rotating blades and shear layers attached to them, and
(iii) suppression of secondary vortex structures causing intermittent flow dynamics in the
middle section of the wake of a turbine. It is important to highlight that a constant ratio of
radii for the two stages are considered in our present study. Nevertheless, how variations
in this important geometric parameter influence the aerodynamic performance and power
generation capacity of multi-stage turbines should be the subject of a future research study.

It is also important to mention that this work ignores any load due to a generator or
other drivetrain components with these VAWTs which may cause the turbine to experience
large resistive moments. Their effects on the performance of dual-stage turbines are still
unknown and need to be further investigated. The impact of other geometric features of
blades, such as camber or chord-to-diameter ratio, should also be explored and analyzed
to mitigate limitation of vertical axis wind turbines. In order to better understand the
flow-induced motion of turbines and their reliance on complex vortical flow structures,
three-dimensional simulations for flows around VAWTs with the addition of geometric
features, such as connecting rods between the hub and blades etc., will also be carried out
and reported in near future.
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