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1 Introduction 

Current energy demand, decreasing fossil fuel reserves, and stringent environmental 
restrictions all contribute to the widespread adoption of renewable energy sources 
such as wind and solar. The most effective method for harnessing wind energy 
is the wind turbine. The advancement of vertical axis wind turbines (VAWTs) is 
crucial to the future of wind power because of its viability in low-wind environ-
ments, especially in urban areas [1–4]. VAWTs have advantages over horizontal 
axis wind turbines (HAWTs) in omnidirectional behaviour, higher scalability, better 
performance in chaotic, unstable, and turbulent flow conditions, lower maintenance, 
and higher overall efficiency for the entire wind farm [5–7]. In contrast, due to insta-
bility in terms of flow disturbances around the blade, rapid and cyclic changes in the 
angle of attack introduce dynamic stall. 

The complicated chain of events known as dynamic stall occurs when an airfoil 
is subjected to rapid changes in angle of attack that go beyond the situation known 
as static stall. In the case of a two-dimensional flow, the dynamic stall processes 
during blade pitching involve the formation, growth, and shedding of the vortex 
structure. Qualitative characteristics of dynamic stall include the gradual reversal 
of the boundary layer from the trailing edge, the breakdown of the flow due to the 
bursting of laminar bubbles, and the emergence of a turbulent separation towards the 
leading edge. One common unwanted phenomenon in VAWTs is the appearance of a 
wake on the blade [8]. Downstream wind turbines experience an increase in aerody-
namic loads due to the intense turbulent wake flow’s influence on the development of 
dynamic stall characteristics [9]. Laneville and Vittecoq reported that for tip speed 
ratio (TSR, λ) less than or equal to 4, the dynamic stall phenomenon dominates for 
VAWTs [10]. As λ values fall below 4, the dynamic stall changes from a light to a
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deep stall. The deep dynamic stall had four main stages: attached flow at a lower 
angle of attack (AoA), formation of leading edge vortex (LEV), shedding of LEV 
from the suction surface of the airfoil, and reattachment of the flow [11, 12]. This 
investigation on the dependence of λ on stall formation has uncovered a problem 
that will require further investigation. The formation and growth of LEV on suction 
side of the airfoil increases lift, and the shed off of this vortex from the surface of the 
airfoil causes transitory variations in the continuous torque delivery, lift, and drag 
performance metrics, resulting in decreased turbine power. It poses a severe problem 
to VAWTs since vibrations and induced noise reduce stability and efficiency [13]. 

The primary focus of the current work is to conduct a rigorous quantitative investi-
gation of the performance characteristics, boundary layer flow features on the airfoil, 
lift and drag fluctuations, and angle of attack changes for a single-bladed rotor 
system. The dynamic stall phenomenon, which affects turbine efficiency, is given 
special attention. The current simulation runs at a moderate Reynolds number with 
a NACA0012 blade profile based on one of the Lee and Gerontakos [14] experi-
ments’ oscillating cases during the deep stall condition, where the AoA varies as 
α(t) = 10◦ + 15◦ sin ωt and the reduced frequency is 0.1. This case merited choice 
because it involved an investigation into deep stall regime conditions and yielded 
higher performance outcomes in comparison to other situations found in the litera-
ture [14]. The Lee and Gerontakos [14] experimental work serve as a basis for this 
numerical work’s validity, and the observations drawn from the results are covered 
in the sections that follow. The work comprises of grid independency test (GIT), then 
followed by validation of numerical results with aforementioned experimental work. 
It was observed that the results obtained are in good agreement with experimental 
for all critical points except one. Details of which have been explained in the results 
section. Additionally, velocity vectors around the airfoil have been obtained to offer 
a visual depiction of the described underlying flow physics. 

2 Numerical Methodology 

The experimental work by Lee and Gerontakos [14] was performed numerically 
using commercial software ANSYS [15]. The available numerical model in the 
literature was re-developed using ANSYS-ICEM and ANSYS-Fluent solver. The 
experimental results of the literature [14] were used to validate the current results. 
The two-dimensional study that was conducted on the NACA0012 airfoil of 150 mm 
chord length consists of a computational domain, which was separated into two zones: 
the size of the stationary zone was 35D × 20D, and the size of the rotational zone was 
1.5D for the current scenario, as shown in geometry Fig. 1. Here, D is typically the 
diameter of the turbine, but due to the single-blade rotor case, D is the chord length 
of the airfoil. The distance between the inlet of the domain to the rotor centre was 
10D, which is kept to avoid errors of overestimation [16]. In order to maintain the 
uniform pressure coefficient at the outlet, a distance of 25D was considered from the 
rotor centre. The domain width was calculated considering a less than 5% blockage
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Fig. 1 Computational domain geometry of the NACA0012 airfoil comprises both fixed and rotating 
zones 

ratio. The diameter of the rotating core was 1.5D for the present case to get a better 
grid generation capability. The dimensions of the flow domain were determined after 
taking into account the impacts of blockage ratio and the uncertainty caused by the 
boundary wall. A non-conformal interface with sliding mesh technique between the 
fixed and rotating domains allows the single-bladed rotor to rotate. 

The moderate mainstream Reynolds numbers for the current cases are in the range 
of 100,000–150,000. The experimental static stall angle of the symmetric NACA0012 
airfoil is around 13°. 

Re = 
ρVC  

μ 
. (1) 

The local coefficient of friction (Cf') calculated using the empirical relation given 
by Eq. (2) [17] 

Cf' =  (2 log  Re  − 0.65)−2.3 . (2) 

Equation (3) is used to compute the wall shear stress (τω) 

τw = 0.5Cf'ρV 2 . (3) 

The frictional velocity can be computed as 

ut =
(

τw 

ρ

)0.5 

. (4) 

An inflation with a first layer thickness of 0.01585 mm is given on the edge of 
the airfoil, ensuring precision at airfoil’s boundary zone. Equation (4) is used to  
determine the blade’s first layer thickness [18] 

y+ =  
ρut y 

μ 
. (5)
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ICEM grid generation software [15] was used to construct the grid for the entire 
domain. To accurately resolve the viscous sublayer and visualize the flow around 
the airfoil wall, the y+ is taken into account by refining the grid near the surface and 
keeping the value less than 1, which can be depicted numerically also as a range 
along the chord length as shown in Fig. 2b. The growth rate of 1.2 for the boundary 
layer mesh was considered. Turbulence models were also chosen depending on the 
y+ values. Grid-dependent investigations were conducted to determine the optimal 
grid size for the computing domain. Table 1 of the result section displays the findings 
acquired from the grid-dependent investigations for one of the critical angles. The 
mesh matrix for the present case, like skewness, orthogonal quality, aspect ratio and 
overall quality are in good agreement. 

The transient, incompressible, two-dimensional flow condition with URANS 
equations and Reynolds stresses was modelled using a 5-equation turbulent model 
with 1-equation of intermittency. The current study employed the SAS-based SST 
k-ω turbulence model. The SST-SAS turbulence model exhibits scale adaptivity in

Fig. 2 a Close view of the structured mesh near to the airfoil and b variation of the wall y+ of the  
NACA0012 airfoil along the chord length position 
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contrast to conventional RANS models. It can dynamically resolve turbulent struc-
tures in an unsteady flow field while keeping URANS capability in steady flow 
regions. This can be achieved by including the von Karman length scale into the 
turbulence scale equation, which can be found in the reference [15]. 

For computation, the density of air and viscosity is taken as 1.225 kg/m3 and 
1.7894 × 10–5, respectively. In the cell zone condition, the rotating and stationary 
mesh motion is provided with 18.535 rad/s rotational velocity. The boundary condi-
tions consist of inlet as velocity type having 13.15 m/s magnitude and direction 
in the x axis. The turbulence intensity is kept 0.08 and turbulent length scale as 
0.0105. The outlet boundary condition is pressure outlet and walls as no slip and 
stationary. For momentum, the spatial discretization technique is Bounded Central 
Differencing, while for other functions, it is QUICK. For the pressure–velocity 
coupling, the SIMPLE scheme is employed, and the transient formulation is done 
using the Bounded second-order implicit. All of the equations should meet the conver-
gence criterion of less than 10–4. To obtain reliable findings, the time step calculation 
needs to be carried out in consideration of CFL criteria. The time step size of 1.88 × 
10–5 is computed considering the courant number less than unity and the rotational 
velocity of the rotating domain. The CFL number obtained for the present case using 
Eq. (6) is 0.36, ensuring grid and numerical stability [19]: 

CFL = V
Δt

Δx 
. (6) 

After ten revolutions, the data for the current case was obtained, and the findings 
of an additional four revolutions were analysed. 

3 Results and Discussion 

3.1 Grid Independence Test 

The grid independent test was carried out for the present case. Three grids were 
generated and conducted the simulation for each one. Table 1 displays the findings 
that were acquired from the grid independent investigations for one of the critical 
angles (21°). Based on the observed values of lift and moment coefficient, Grid 2 
is chosen for the remainder of the study due to the insignificant change in lift and 
moment coefficient values and the lower computational cost and time requirements.
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Table 1 Details of the computational grid and its performance characteristics 

Case No. of cells Moment coefficient (Cm) Lift coefficient (CL) 

Grid I 74772 0.59 1.83 

Grid II 149212 0.61 1.96 

Grid III 301492 0.60 1.97 

3.2 Validation of Numerical Model 

The experimental findings of Lee and Gerontakos were used to validate the current 
numerical work and compared with the SAS-SST turbulence model results. The 
anticipated lift coefficient for the critical angle of attacks was plotted in Fig. 3a. 
The results demonstrate good agreement with the experimental values as stated in 
Table 2. The current numerical results showed good agreement on comparing with 
the experimental and numerical results of the literature [14, 20, 21]. The coefficients 
of lift obtained from this study for various angles of attack are close to the exper-
imental values. The modelling predicts the onset of static stall around a 12° AoA, 
which is consistent with experiment. An increase in angle of attack up to 24° results 
in an increase in coefficient of lift. The onset of dynamic stall is noted around a 24° 
AoA. As the AoA reaches to 25° during upward motion, a reverse downward move-
ment of the airfoil up to 0° AoA was commenced, resulting in a fall in predicted 
lift coefficient in accordance with experiment. It is important to note that the agree-
ment to experiment failed during the transition from 24.9° to 24.5°. Although the 
experiment demonstrated an increase in lift coefficient during this event in an other-
wise decreasing trend, simulation was unable to detect this rise and instead predicted 
a drop. However, the current results have significant improvement in prediction of 
aerodynamic forces compared to the numerical work of Rahman et al. [20] due to the 
better turbulence model, the structured mesh, the number of grid elements, the time 
step size, and the number of revolutions. Singh and Páscoa’s [21] results are quite 
comparable to the current case, but the percentage of error is reduced for 7 critical 
points. This may be due to optimum geometry parameter selection and number of 
revolutions.

In the upward motion of the airfoil, the predicted values of the lift and drag 
coefficients by the SST-SAS turbulence model were in good agreement with the 
experimental findings. During the downward movement, secondary vortex formation 
causes an increase in lift for a small range of AoA that the current model unable to 
predict. 

However, it is able to capture and better anticipate the events of post-stall, reat-
tachment, and fully attached flow to the airfoil, as depicted in Fig. 3a. The current 
model manages to predict closely the drag coefficient for the onset of transition event 
at 12° AoA but overestimates the drag coefficient values for the event turbulence 
separation α ≈ 17° and near to stall α = 24°, as illustrated in Fig. 3b. 

Figure 4 presents a comparison of the performance in terms of lift to drag coef-
ficient ratio with the change in the angle of attack for upward motion case. The
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Fig. 3 a Variation of CL with AoA and b variation of CD with AoA of the NACA0012 airfoil

numerical values that are anticipated to occur during the pre-stall and dynamic stall 
conditions are underestimated up to 21°. This is because the drag coefficient values 
were overestimated, as can be seen in Fig. 3b. In comparison with the numerical 
results of Singh and Páscoa’s [21], the present CL/CD numerical results demonstrate 
good agreement with the experiment at α ≥ 21°. This quantitative comparison of 
lift, drag, and lift to drag coefficients with experiment and numerical references [14,
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Table 2 Comparing the 
experimental results of Lee 
and Gerontakos [14] at  
critical points with the current 
numerically calculated lift 
coefficient 

AoA Experimental Present numerical Error (%) 

12 1.15 1.145 0.43 

21 1.97 1.96 0.5 

22 2.04 2.09 − 2.45 
24 2.41 2.25 6.63 

24.9 1.41 1.45 − 2.83 
24.5 1.45 1.42 2.06 

14 0.77 0.74 3.89 

1 0.04 0.03 25

20, 21] demonstrates good agreement and the capabilities of SST-SAS turbulence 
model. Utilizing more advanced turbulence models in future research, such as LES, 
will allow more accurate prediction of important events such as turbulence separation, 
near-stall conditions, and the formation of secondary vortices. 

The aforementioned performance matrices for the current case can be explained 
further with the velocity vector fields as shown in Fig. 5. The important observations 
of the flow physics involved for the pitching airfoil in deep dynamic stall condition 
are as follows:

For α < 12°: Over the entire range of the AoA, the flow continues to be laminar 
and adhered to the suction surface of the airfoil. Figure 5a shows flow detachment

Fig. 4 Performance variation of CL/CD with AoA of the single-bladed rotor system 
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Fig. 5 Velocity vector plots during the upward motion of the airfoil for critical AoA

near the end of the trailing edge, which was previously confirmed experimentally by 
Lee and Gerontakos [14]. 

For 12° ≤ α ≤ 21°: The development of flow transition and reversal is observed 
with the increase in AoA. Flow reversal from trailing edge propagates towards the 
leading edge, as shown in Fig. 5b. 

For 21° ≤ α < 25°: With the increase in AoA, turbulent boundary layer breakdown 
can be visualized due to formation of dynamic stall vortex and adverse pressure 
gradient as shown in Fig. 5c, d. It rapidly increases the lift and drag coefficients 
which can be seen in Fig. 3a, b. 

4 Conclusions 

The current work presents an understanding of the flow dynamics, effect of change 
in angle of attack on aerodynamic performance in terms of lift and drag fluctuations 
for a single-bladed rotor. A rigorous quantitative investigation of the performance 
characteristics, boundary layer features, and the dynamic stall phenomenon on the 
airfoil which affects turbine efficiency is given special attention. For validating the 
experimental results and to visualize the vortex formation, Scale Adaptive Simula-
tion is incorporated with SST k-ω turbulence model. The current numerical results of 
aerodynamic forces exhibit good agreement with the experiment for pre-stall events 
when compared to the numerical references [14, 20, 21]. Lift coefficient values are 
obtained with a percentage error of less than 4% for six critical AoA’s out of eight.
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The remaining two AoA’s (24° during upward motion and 1° during downward 
motion) are observed with a percentage error of 6.63 and 25%. The flow reversal 
and progression depicted by velocity vectors aids in visualizing the crucial turbulent 
boundary layer events that occur over the airfoil. The generation, development, accu-
mulation, and shedding of vortex structures from the suction surface of an airfoil are 
clearly observed using velocity vectors. It can be seen that the flow reversal started at 
around 12° AoA near to the trailing edge due to adverse pressure gradient. It is also 
observed from the velocity vectors that the flow reversal propagates from trailing 
edge to leading edge as the AoA increases but the boundary layer remains attached 
to the airfoil up to 21° AoA. Further increase in AoA results in turbulent boundary 
layer breakdown and formation of LEV, which further develops and convects over 
the suction surface of the airfoil, resulting in a rapid increase in lift. The shedding of 
vortex after further increment in AoA results in abrupt aerodynamic losses yielding a 
compromised airfoil performance. An important subject of application of the present 
analysis is the VAWT which relies on multiple airfoils for development of lift and 
consequent rotational shaft power. The analysis thereby serves to be a tool in perfor-
mance prediction of VAWTs and may be used to identify, assess, and improve in 
future scope the optimal working conditions of these turbines. 

Nomenclature 

AoA(α) Angle of attack (°) 
CFL Courant–Friedrichs–Lewy [–] 
LEV Leading edge vortex [–] 
NACA National Advisory Committee for Aeronautics [–] 
SAS Scale Adaptive Simulation [–] 
SST Shear stress transport [–] 
SIMPLE Semi-Implicit Method for Pressure Linked Equations [–] 
QUICK Quadratic Upstream Interpolation for Convective Kinematics 
Re Reynolds number 
c Airfoil chord [m] 
CL Lift coefficient [–] 
CD Drag coefficient [–] 
Cm Moment coefficient [–] 
Cf' Skin friction coefficient [–] 
δ Boundary layer thickness [mm] 
λ Tip speed ratio [–] 
ρ Density of air [kg/m3] 
D Turbine diameter [m] 
V Free stream velocity [m s−1] 
μ Dynamic viscosity [kg m−1 s−1] 
k Turbulence kinetic energy [m2s−2] 
ω Specific turbulence dissipation rate [s−1]
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θ Azimuthal angle (°) 
τω Wall shear stress [N m−2] 
μt Frictional velocity [m s−1] 
y+ Non-dimensional distance [–] 
y First layer thickness [mm] 
κ Reduced frequency [–] 
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