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ABSTRACT 

The self-starting performance of vertical-axis wind turbines (VAWTs) is crucial 
for their widespread utilization. Conventional evaluation methods using the 
static torque coefficient (CTS) or self-starting time have limitations. "The 
minimum 1st derivative of angular acceleration in the lift acceleration state" is 
proposed to serve as a suitable indicator for the completion of self-starting. 
Understanding the behavior of the self-starting process in VAWTs is crucial for 
optimizing power output. A comprehensive methodology is used that integrates 
experiments and computational fluid dynamics (CFD). Wind tunnel experiments 
are conducted to evaluate the self-starting and power output performance of the 
turbines. CFD is employed utilizing the Fluent 6DOF module to investigate the 
torque and flow field characteristics during the self-starting process. 
Additionally, the objectives of our study are to investigate the effect of static 
evaluation methods on the dynamic start-up process and to explore the effects of 
airfoil type, pitch angle, and inlet wind speed on the self-starting behavior of 
turbines. The results indicate that a high CTS ensures initial rotation, but the 
subsequent self-starting time remains independent of this factor. Increasing the 
pitch angle enhances the self-starting performance. At an inlet speed of 5 m/s, 
for the NACA2418 airfoil turbine, the self-starting times for pitch angles of 10° 
and 5° are reduced by 20% and 12%, respectively, compared to that for 0°. The 
NACA0018 airfoil turbines with pitch angles of 0° and 5° fail to complete self-
starting. The airfoil type also plays a crucial role, with the NACA2418 airfoil 
demonstrating superior self-starting performance and power performance. 
Furthermore, the minimum self-starting wind speed of the NACA0018 airfoil 
turbine was explored and determined be between 5.5 m/s and 6 m/s. The 
utilization of this novel self-starting evaluation method addresses the limitations 
of traditional approaches, providing a more universally applicable interpretation 
of the characteristics of turbine self-starting behavior. 
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1. INTRODUCTION 

As countries worldwide aim to be carbon neutral, 
clean energy such as wind power will account for an 
increasing share of energy. According to the GWEC, an 
additional 1,221 gigawatts (GW) of new capacity is 
projected to be installed by 2030 (GWEC, 2023). This 
includes the development of horizontal axis wind turbines 
in the direction of enhanced power generation on land and 
sea (Kaya et al., 2018). For urban areas, the demand for 
distributed energy installation has further increased, and 
its development has been rapid in recent years. Small 
VAWTs are receiving increasing amounts of attention 
(Tong, 2010; Alam & Golde, 2013; Battisti et al., 2018; 

Twidell, 2021). VAWTs have the advantages of simple 
structures, no wind yaw devices, transmission 
mechanisms located on the ground, easy maintenance, low 
noise, and increased suitability for urban environments 
(Islam et al., 2013; Rezaeiha et al., 2018a; Su et al., 2019). 
VAWTs encompass both Savonius rotors and Darrieus 
rotors in their classification. (Hand & Cashman, 2020). 
The Darrieus rotor has a higher Cp than the Savonius rotor 
(Sheldahl et al., 1978; Chang et al., 2021). The Darrieus 
rotor generates low or even negative torques at azimuthal 
angles; due to the inherent characteristics of the Darrieus 
rotor, its blades perform little or no work at a low tip 
speed ratio (TSR) (Arab et al., 2017). The inherent poor 
start-up capability is a crucial factor limiting its 
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application (Worasinchai et al., 2016). 

Research into the self-starting capabilities of VAWTs 
has been a widely explored topic. To improve the self-
starting capabilities of these materials, many scholars 
have put forth a series of methods: blade airfoils (various 
airfoils (Hashem & Mohamed, 2018) and blades with GFs 
(Zhu et al., 2021)), turbine parameters [solidity (Li et al., 
2016; Bangga et al., 2021), pitch angle (Su et al., 2020), 
aspect ratio (Li et al., 2017), J-shaped airfoil blades (Celik 
et al., 2022)], auxiliary device addition [wind gathering 
devices (Li et al., 2020), flat plate deflectors (Wong et al., 
2018)] and Darrieus rotors with drag-driven Savonius 
rotors (Kumar et al., 2018)]. 

The researchers have adopted different definitions of 
self-starting performance literature for VAWTs. Ebert and 
Wood (1997) believed that there was available power to 
generate and complete self-starting during the process. 
This definition of "available power" is not accurate. When 
the turbine has a lower TSR, the turbine can generate very 
little torque to generate electricity, and the turbine does 
not reach the optimal power point. Lunt (2005) proposed 
that the self-start was completed when only the turbine 
accelerated from a static to the final stable state and when 
the blade tip velocity exceeded the wind speed. It means 
TSR is greater than 1. Celik et al. (2022) and Asr et al. 
(2016) reported that when the TSR ≥ 1, the turbine was in 
a stable state, did not enter the lift acceleration state, and 
did not reach the appropriate power output point. Celik et 
al. (2020) and Sun et al. (2020) consider the transition of 
the turbine from a stationary state to stable rotation as 
indicative of successful self-starting. Additionally, they 
employ time as a key metric for evaluation. According to 
this statement, when the turbine rotates at high speed, 
fluctuations in the turbine will be more frequent, which is 
a challenge to the fatigue characteristics of itself (Liu et 
al., 2019). The turbine usually generates the maximum 
torque value in the lift acceleration state and power output 
in this state. (Worasinchai et al., 2016) suggested that self-
start was achievable as long as thrust was consistently 
generated along the Darrieus flight path. Their approach 
was grounded in proposing an analogy between the 
physical description of the Darrieus turbine starting 
capability and the pitch-heave concept observed in the 
flapping mechanisms of animals. While the definition is 
clear, the method's complexity poses challenges for 
practical application, causing difficulty to analogize each 
type of VAWTs to flapping mechanisms of birds. 
Consequently, this approach lacks practical applicability 
on a broad scale. Bhuyan and Biswas (2014), Singh et al. 
(2015), Arpino et al. (2018), Mohamed et al. (2019), 
Mohamed et al. (2020), Su et al., (2020) and Al-Obaidi 
and Qubian (2022), assessed the ability to self-start by 
measuring the turbine's static torque at different initial 
azimuthal angles. For this definition, the static torque only 
described the static state and could not sufficiently 
describe the actual self-starting process. In some cases, the 
turbine could rotate; however, the TSR was at a low level, 
the turbine could not enter the lift acceleration state, and 
the turbine could not output power. Although these 
definitions have certain truths, there are many limitations. 
In conclusion, methods for evaluating self-starting 
performance can be categorized into two types: static 
start-up performance and dynamic start-up performance. 
Static start-up performance refers to the static torque at the 
initial azimuthal angle. Dynamic start-up performance 

refers to the time it takes for the wind turbine to transition 
from static rotation to a specific TSR. 

For the self-starting process, (Hill et al., 2008) 
divided it into four parts: the "linear regime" state, 
"plateau" state, "lift" state, and "equilibrium" state. The 
turbine generates almost no torque in the "plateau" state. 
This area (Baker, 1983) is described as a dead zone. In this 
state, the torque coefficient reaches its minimum value. 
The turbine can be easily and quickly stopped when 
loading. Worasinchai et al. (2012) divided the start-up 
process into a "combined state" and a "full lift-driven 
state". Within the "full lift-driven state," it was divided 
into two thrust generation states: "discrete" and 
"continuous". They found that the turbine could be locked 
in the deadband when generating discontinuous thrust. 
The "continuous thrust-producing" state coincided with 
Hill's description of "lift" and "equilibrium". Most VAWTs 
are in the "lift" state for the power output. 

The self-starting performance of VAWTs limits its 
widespread development. Based on the above scholars' 
investigations of self-starting process and performance 
evaluation methods, none of the existing studies have 
explored the turbines’ self-starting behavior while 
considering angular acceleration data. In this study, a 
novel approach for evaluating self-starting performance is 
introduced for the first time. The turbine rotation to the 
"the minimum 1st derivative of angular acceleration in the 
lift acceleration state" is used as the completion of the self-
starting process evaluation. The self-starting 
characteristics of lift-driven turbines is investigated by 
experiments and CFD. Following sensitivity studies to 
ensure the accuracy of the CFD model, a comprehensive 
comparison of the output results with experiment was 
conducted. Subsequently, a comprehensive examination 
of the self-start process of the wind Turbine was 
conducted. The impact of static torque at different initial 
azimuthal angles on the self-start process was examined. 
Additionally, the causes of differences between the airfoils 
and pitch angles under the inlet wind speed at 5m/s during 
the self-starting process were investigated. The 
contributions of lift and drag to torque are analyzed within 
critical regions. Furthermore, the minimum self-starting 
wind speed was explored, and the factors that contribute 
to the success or failure of the self-starting mechanism 
were examined. 

2. EXPERIMENTAL SETUP 

The experiments were conducted in the wind tunnel 
laboratory at Zhejiang University of Technology. The 
wind tunnel structure consists of an air inlet, a contraction, 
a test, a diffuser, and fan sections, as shown in Fig. 1. The 
length of the wind tunnel is 13.85 m. The tunnel is driven 
by a six-blade fan. The test section is closed, with 
dimensions of 2 m long, 1.2 m wide, and 1.2 m high. Two-
speed measurement systems are used for the differential 
pressure and hot wire anemometer. In the test section, the 
wind speed range is 3 m/s to 10 m/s, with a measurement 
accuracy of ±3%, and the turbulence intensity is 
maintained below 0.5%.  

The entire wind turbine experimental setup is 
illustrated in Fig. 2 and primarily consist of airfoil blades, 
a support frame, a main shaft, and a magnetic powder 
dynamometer.  The airfoil blades are designed and  
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Fig. 1 Wind tunnel used in this experiment： 

Inlet and contraction section (a), outlet section (b), 
and test section (c) 

 

 
 

Fig. 2 Wind turbine experimental device 

 

manufactured using three-dimensional printing 
technology, employing ABS-like stereoscopic light 
modeling resin as the material. According to the 
information provided by the three-dimensional printing 
supplier, they utilized an SLA three-dimensional printer 
with a layer height set at 25 micrometers. The achieved 
surface roughness can reach less than 20 micrometers. The 
support frame is made of aluminum alloy, and there is a 
radial groove at the connection of the blade to adjust the 
pitch angle. The main shaft is made of chrome-plated 
high-carbon steel; the lower end of the rotating shaft of the 
turbine is connected with a magnetic powder 
dynamometer (model: JC5288, torque range: 10 N⋅m, 
precision: 0.1% FS, maximum rotational speed: 1500 
r/min, rotation accuracy: 1 r/min). Magnetic powder 
dynamometers are used to measure the rotational speed, 
torque, and power output. Table 1 outlines the features of 
the wind turbine. Figure 3 shows the relative rotation of 
the blades. 

The static start-up performance test is designed to 
determine the static torque at various azimuthal angles.  

Table 1 features of the wind turbine used in the 
experiment 

Parameter Symbol Value 

Blade profiles - 
NACA0018, 
NACA2418, 
NACA4418 

Pitch angle β 0°, 5°, 10° 

Blade chord C 133.33 mm 

Number of blades N 3 

Rotor height H 400 mm 

Diameter D 500 mm 

Solidity σ 0.8 

Moment of inertia I 0.066 kgm2 

 

 

Fig. 3 Relative rotation of the turbine blades 

 

The wind tunnel fan is initiated in the experiment, and a 
waiting period of 30 s follows until the flow field within 
the wind tunnel achieves essential stability. Afterward, the 
average torque data for the specific azimuth angle are 
recorded over a 30 s interval. The dynamic start-up 
performance test is executed to analyze the wind turbine 
response when the TSR fluctuates from 0 to its maximum 
stable value at a defined wind speed. In this experimental 
setup, a magnetic powder dynamometer applies a 
predetermined excitation current to prevent the wind 
turbine from initiating rotation. Subsequent to ensuring 
the stability of the flow field in the wind tunnel, the 
excitation current is then reduced to zero, initiating the 
rotation of the turbine. The torque-speed sensor integrated 
into the magnetic powder dynamometer simultaneously 
records the changes in torque and rotational speed over 
time. The power performance under various TSR 
conditions is measured by adjusting the excitation current 
to induce changes in the turbine's rotational speed. Wind 
turbines have the following important parameters: power 
coefficient Cp, tip speed ratio TSR, torque coefficient Ct, 
static torque coefficient CTS, and angular acceleration α. 
Cp is the dimensionless coefficient of power. The TSR is 
a dimensionless parameter that signifies the ratio between 
the rotational speed of the blade and the speed of the free-
flowing air. Ct and CTS are the dimensionless coefficients 
of torque and static torque, respectively. Ct and CTS serve 
as valuable metrics for reporting the performance of a 
turbine. α is the rate of change in angular velocity with 
respect to time. 

𝐶𝑝 =
𝑛𝜋𝑇

15𝜌𝐴𝑈3
 (1) 
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𝑇𝑆𝑅 =
𝑛𝜋𝑅

30𝑈
 (2) 

𝐶𝑡 =
2𝑇

𝜌𝐴𝑅𝑈2
 (3) 

𝐶𝑇𝑆 =
2𝑇𝑠

𝜌𝐴𝑅𝑈2
 (4) 

𝛼 =
𝑑𝜔

𝑑𝑡
=

𝜔𝑖+1 − 𝜔𝑖

𝑡𝑖+1 − 𝑡𝑖

 (5) 

where 𝜌 (kg/m3) represents the air density, A(𝑚2) 
represents the swept area, 𝑈  represents the wind speed, 
𝑇(𝑁𝑚) represents the dynamic torque, n(rpm) represents 
the rotation speed, 𝑇𝑠(𝑁𝑚) represents the static torque, 
ω(𝑟𝑎𝑑/𝑠)  represents the angular velocity, and 𝑡 
represents the time. 

Furthermore, the blockage ratio (Roy & Saha, 2014) 
is the ratio of the cross-sectional area of the turbine 
structure to the cross-sectional area of the wind tunnel. 
The value is 3.47% in our experiment. All data were 
adjusted accordingly (Howell et al., 2010; Al-Obaidi, 
2018). 

3. NUMERICAL MODELING AND 

SENSITIVITY STUDIES 

3.1 Model Geometry and Computational Domain 

In this study, a two-dimensional model is used for 
CFD. The three-dimensional model of the experimental 
rotor is simplified into a two-dimensional model. The 
testing equipment of the turbine is mainly composed of 
airfoil blades, a rotating shaft, a support frame, a 
transmission device, and a control circuit. Since the wind 
wheel, which consists of blades, is the only part that 
converts wind energy into mechanical energy, the rest of 
the wheel can be disregarded, leaving only blades and 
shafts. The three-dimensional model of the wind turbine 
can be simplified into a two-dimensional model. Many 
scholars have verified that two-dimensional CFD is 
sufficient to accurately investigate the self-start 
characteristics of VAWTs (Sobhani et al., 2017; Li et al., 
2019). In the experiment, the moment of inertia(I) was 
0.066 kgm2, whereas in the two-dimensional CFD 
simulation, the I was recalculated to account for a turbine 
height of 1000 mm instead of the 400 mm used in the 
experiment. The recalculated inertia value in the 
simulation was determined to be 0.165 kgm2 (Zhu et al., 
2015). 

 

 
Fig. 4 Computational domain and boundary 

conditions 

An appropriate computational domain size is 
essential for obtaining numerical simulation results. 
Figure 4 shows the computational domain, which is 
divided into two parts: a circular rotating region and a 
rectangular stationary region, where r represents that the 
radius of the wind turbine is 250 mm. The computational 
domain's top and bottom boundaries are Symmetrical 
(Nobile et al., 2014; Al-Obaidi et al., 2023b). The 
rotational center of the turbine is positioned 12r from the 
inlet and 28r from the outlet. A sufficiently large domain 
can allow for better capturing of the overall characteristics 
of the wind turbine, and the wake is fully developed 
(Almohammadi et al., 2013; Nobile et al., 2014; Rezaeiha 
et al., 2018b; Al-Obaidi, 2023b; Al-Obaidi & Alhamid, 
2023). 

3.2 Boundary Conditions and Computational 
Methods 

The velocity inlet boundary is established along the 
left side of the rectangular area. On the right side, the 
boundary is defined as the pressure outlet. The top and 
bottom sides are subjected to wall conditions, and the 
blade surface inside the circular area is set as a nonslip 
wall boundary. The SST k-ω model integrates the 
advantages of the k-ω and standard k-ε models by 
employing the k-ω model in the boundary layer and 
transitioning to standard k-ε behavior in the free stream; 
this model aims to enhance accuracy and general 
applicability in turbulent flow simulations. Due to its 
favorable agreement with experimental results, the SST k-
ω model is currently a prevalent choice in numerous CFD 
simulations (Asr et al., 2016; Al-Obaidi, 2019; Mohamed 
et al., 2019; Celik et al., 2022; Al-Obaidi, 2023a) and is 
suitable for this study. In this research, the fluctuation in 
the turbine's rotational speed, propelled by the wind, is 
computed by assessing the torque generated by the blades 
during each time step. The circular rotating region is a 
dynamic mesh zone. In the dynamic mesh zone, the 6DOF 
solver is used to determine one rotational degree of 
freedom, the rotational center, and the I. When the 
incident wind interacts with the blades, the 6DOF solver 
calculates the external forces and torques exerted. This 
computation enables the rotation of the rotor in response 
to the applied forces. Moreover, the dynamic mesh zone 
rotates (Asr et al., 2016; Maalouly et al., 2022). 

3.3 Meshing and Sensitivity Study 

The process of mesh generation is a crucial aspect of 
CFD simulations, significantly influencing their accuracy. 
ANSYS recommends that at least 10 element boundary 
layers should be used for the blade boundary layer to 
ensure accurate modeling (Ansys, 2018). In this study, the 
mesh consisted of 15 layers of elements. The height of the 
first cell around the blade was set to 3×10-5 m, and the 
growth rate with a growth rate of 1.1 near the blade 
boundary. Beyond the inflation region, unstructured grids 
are employed in both the rotating and static regions to 
accommodate the intricate and variable geometric shapes 
of the blades. Compared with structured grids, 
unstructured grids provide greater flexibility and accuracy 
in accurately representing complicated geometric shapes. 
Considering that the flow field around the blades is very 
complex when the turbine is running, the grids near the 
airfoil blades are encrypted to enhance the precision of the 
numerical simulation results. The mesh is shown in Fig. 5 
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Fig. 5 Grid details for the whole domain (a), the 
rotating domain (b), and the blade (c) 

 

 

Fig. 6. Torque coefficients for different numbers of 
nodes 

 

Increasing the number of nodes in the computational 
domain can yield more accurate results. However, as the 
number of nodes increases, both the computational load 
and the required processing time simultaneously increase. 
(Balduzzi et al., 2016; Al-Obaidi et al., 2023a). To 
determine the optimal number of nodes, a grid sensitivity 

study was conducted to ensure that, changes in the number 
of nodes within a specific range of node counts have 
minimal impact on the results. In the present work, five 
different numbers of nodes are used by changing the node 
size on the blade and around the rotating region. The 
respective torque values are calculated under the 
simulation conditions of a TSR of 1.3. The five grid 
numbers are 69037, 94816, 136918, 164715, and 189472. 
The torques calculated under the five conditions are 
shown in Fig. 6. Evidently, within the range of 130,000 to 
180,000 nodes, the torque coefficient remains relatively 
unaffected by variations in the number of nodes. 
Considering the calculation efficiency, approximately 
160,000 nodes were selected for this study. 

3.4 Time Step Size Study 

To validate the significance of the time step in 
determining the outcomes, the results for three time step 
sizes are verified, namely, Δt1 = 0.002 s, Δt2 = 0.001 s, and 
Δt3 = 0.0005 s. Fig. 7 shows that the wind turbine rotates 
for the 15th circle, changes in the Ct of a single blade and 
the turbine can be observed. There is only a slight 
difference between Δt2 and Δt3, and Ct tends to be the 
same. Therefore, Δt2=0.001 s is selected for further 
simulation to reduce the calculation time. Compared with 
previous studies, the time step is slightly larger. In recent 
studies (Asr et al., 2016), when the TSR was 4 or greater 
under stable condition, and the rotational speed was higher 
than that of the turbine model in this paper, and a minor 
time step was used. 

4. RESULTS AND DISCUSSION 

4.1 Numerical Simulation Validation Against 
Experimental Data 

 Figure 8 shows the NACA2418 turbine experiment 
and numerical simulation of the self-starting process. The 
turbine takes approximately 130 s to accelerate from a 
static state to a stable condition (I=0.066 kgm2). The 
numerical simulation takes approximately 73 s (I=0.165 
kgm2). To facilitate the comparison between the 
experiment and numerical simulation, a nondimensional 
time axis is established as t/T, where T represents the time 
at which the stable condition is achieved. The time gap 
between the experiment and the CFD mainly occurs 

 

Fig. 7 Torque coefficient as a function of the azimuthal angle for the time step size at the 15th circle: the single 
blade (a) and the turbine (b) 



Z. Xu et al. / JAFM, Vol. 17, No. 6, pp. 1261-1276, 2024.  

 

1266 

 

Fig. 8 Variation in the TSR with the normalized time 
for comparing the present two-dimensional CFD and 

experimental results 
 

because the resistance of the magnetic particle 
dynamometer is disregarded in the numerical simulation 
and due to the blockage effects in the wind tunnel. When 
the TSR < 1, notable differences emerge between the 
experiment and CFD (0.2<t/T<0.5), mainly because the 
computational model is two-dimensional and has 
limitations in predicting complex flows around blades. 
Especially when the turbine has a low TSR, the three-
dimensional dynamic stall is more complex than its two-
dimensional counterpart owing to the presence of dynamic 
characteristics of the wind leading to stall on the blades. 
Subsequently, as the wind turbine enters the lift-driven 
state, the deviation diminishes. During the stable 
condition, the maximum deviation observed is 
approximately 5%. The experimental and numerical 
simulation results show a high level of agreement with 
minimal deviation.  

In the wind tunnel experiment, the I is 0.066 kgm2. 
The I has a direct impact on the turbine's angular 
acceleration. Under the condition of generating the same 
aerodynamic torque, a smaller I correlates to a greater 
corresponding angular acceleration of the turbine and a 
quicker acceleration. Celik et al. (2020) studied the self-
starting process of four moments of inertia of a turbine. 
They found that increasing the turbine's I extended the 
time needed to attain the stable condition. However, this 
change had a negligible impact on both the self-start and 
the ultimate speed achieved. In this study, to shorten the 
time consumed by numerical simulation without affecting 
the research on the dynamic start-up performance, an 
appropriate reduction is made to the I of subsequent 
turbines. Three turbines with different I are used, as 
follows: Inertia 1, 0.165 kgm2; Inertia 2, 0.11 kgm2; and 
Inertia 3, 0.055 kgm2. Figure 9(a) shows that reducing the 
turbine I from 0.165 kgm2 to 0.055 kgm2 results in a 
shortened time to reach its stable condition. Therefore, Fig. 
9(b) illustrates the variation in the TSR over normalized 
time for the four inertia cases. Evidently, the TSRs of all I 
similarly increase, indicating that their dynamic start-up 
processes are basically the same. Therefore, the 
subsequent numerical simulation uses 0.55 kgm2 to 
decrease the calculation time. 

As shown in Fig. 10(a), based on insights into the 
self-starting process from Worasinchai et al. (2012) and  

 

Fig. 9 Variation in the TSR with time (a) and 
normalized time (b) for different moments of inertia. 

 
Hill et al. (2008), we apply their methods to the self-
starting process in this study. Worasinchai divides the self-
starting process into a "combined state" and a "full lift-
driven state". Moreover, the "full lift-driven state" is 
further divided into two thrust generation states: "discrete" 
and "continuous". They considered reaching the 
"continuous thrust-producing state" to be the completion 
of the self-starting process, as indicated by the red dot in 
the figure. Hill divided the self-starting process into a 
"linear regime", "plateau" state, "lift" state, and 
"equilibrium" state. Hill and Celik et al. (2020) had the 
same perspective and considered the wind turbine 
reaching stable condition as the completion of the self-
starting process, as indicated by the green dot in the figure. 
Lunt (2005), on the other hand, adopted a TSR of 1 as the 
self-starting point, as illustrated by the blue dot in the 
figure. As illustrated in Fig. 10(a), the turbine's angular 
acceleration is more significant than 0.5 rad/s2 in the lift 
acceleration state. When TSR = 1.302, the maximum α is 
1.15 rad/s2. The load is gradually increased in the stable 
condition of the turbine. In the right section of the peak α, 
the turbine slows down to a series of stable rotational 
speeds for power output. Figure 10(b) shows that TSR = 
1.292 and the maximum Cp = 0.146; these matches where 
the maximum α occurs in the self-starting process. When 
the load increases to the left of the peak α (the first half of 
the lift acceleration state), the turbine can to a complete 
stop in a very short time. The load is greater than the 
torque-generating capacity of the turbine, resulting in the  
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Fig. 10 NACA2418 turbine self-starting process (a) and power output (b) 

 
turbine’s self-starting failure. The 1st derivative of α is the 
rate of change in α, as shown in Fig. 10(a). Apparently, 
the 1st derivative of α in the lift acceleration state curve 
shows three important states in the lift acceleration state. 
When the 1st derivative of α increases to the peak value, 
the positive change rate of α is the largest. The turbine will 
accelerate toward the optimal power coefficient point. For 
the 1st derivative of α = 0, α increases to the maximum. 
The turbine reaches the vicinity of the optimum power 
coefficient point with a TSR of approximately 1.3. Finally, 
the 1st derivative of the angular acceleration decreases to 
the minimum value. Thus, the negative change rate of α is 
the largest, which corresponds to the second half of the lift 
acceleration state, after which the turbine will slowly 
reach stable condition. Under stable condition, 
fluctuations in the turbine will occur more frequently, 
posing a challenge to the fatigue characteristics of the 
turbine itself. The turbine is at the highest speed. 
Therefore, the turbine enters "the minimum 1st derivative 
of angular acceleration in the lift acceleration state" as the 
mark of completion of self-starting. Figure 10(a) 
illustrates that the turbine takes 105 s to complete self-
starting. 

4.2 Effect of Static Torque at Different Initial 
Azimuthal Angles on the Dynamic Start-up 
Process 

Figure 11 presents the curve of the CTS of the 
NACA2418 airfoil turbine with a 0° pitch angle in the 
experiment and numerical simulation. Considering that 
one period of the CTS of the three-blade turbine is 120°, 
only the CTS of the azimuthal angles from 0° to 120° is 
shown. The experiment and numerical simulation show 
the same trend. According to the numerical simulation, the 
maximum CTS reached 0.0423 at 80°, which was 3.7 
times greater than the minimum CTS of 0.0114 at 10°. In 
the experiment, the influence of the initial azimuthal angle 
on the dynamic start-up process is studied. Due to the 
resistance of the turbine and the dynamometer equipment, 
the turbine does not rotate or wobble and then enters the 
static state at the beginning of some initial azimuthal 
angles with a small CTS. Based on the static torque at 
different azimuthal angles, a numerical simulation was  

 

Fig. 11 Relationship between static torque coefficient 
and azimuthal angle 

 

conducted to investigate the self-starting process for two 
initial azimuthal angles: a maximum CTS initial azimuthal 
angle of 80° and a minimum of 10°. The Fig. 12 shows 
that when the two initial azimuthal angles are rotated 1°, 
the maximum dynamic torque is generated at 80°, and the 
minimum is generated at 10°, which corresponds well 
with its CTS. Within 0.1 s, the angular velocity at an initial 
azimuth angle of 10° is lower than that at an initial 
azimuth angle of 80°, which further verifies that the CTS 
at 80° is greater than that at 10°. As shown in Fig. 13, 
when the time scale is increased to 12 s, the initial 
azimuthal angle of 10° first reaches the plateau state, and 
then the initial azimuthal angle of 80° takes 7s. At the 
same time, the initial azimuthal angle of 80° takes 9 s to 
reach the plateau state. An initial azimuth angle with a 
large static torque does not shorten the time needed to 
reach the plateau. Even at the 80° initial azimuthal angle 
with a large CTS, the time to reach the plateau is longer. 
This does not effectively describe that large CTS 
correlates to good self-starting performance. 
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Fig. 12 Torque within a rotation of 1° (a) and angular velocity within a process of 0.1 s (b) 
 

 

Fig. 13 Initial azimuthal angle 10° and initial 
azimuthal angle 80° dynamic start-up process 

 

4.3 Effect of Pitch Angle on Dynamic Start-up 
Performance 

Figure 14 shows the self-starting process of the 
NACA2418 turbines with three pitch angles. Evidently, as 
the pitch angle increases, the turbine speeds less time to 
complete self-starting; however, the time to approach the 
maximum TSR is increased. In comparison to the 
experimental results, the pitch angles of 0° and 5° in the 
experiment and 0° in the simulation exhibit a more 
apparent plateau state. Figure 15 shows the angular 
acceleration and 1st derivative of the angular acceleration 
curves of the self-starting process. It takes 84 s to 
complete the self-starting at a 10° pitch angle and 105 s at 
a 0° pitch angle. The self-starting time for a 10° pitch 
angle is 20% less than that for a 0° pitch angle. Although 
the self-starting time of the 10° pitch angle is short, its α 
is the lowest compared with those of the other two pitch 
angles. Figure 14(c) shows the deviation between the 
experiment and numerical simulation for three pitch 
angles. At t/T < 0.4, a significant deviation is observed due 
to extra contributors to resistive torque, specifically 
bearing frictional resistance and inherent resistance in 
magnetic powder dynamometers; this can potentially lead 
to an overestimation of the CFD results relative to the 
experiment. 

 

 
Fig. 14 NACA2418 turbine self-starting process: 

experiment (a), numerical simulation (b) and 
deviation (c) 
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Fig. 15 Variation of the 1st derivative of the angular 
acceleration at pitch angles of 0°, 5° and 10° in the 

self-starting process 
 

 

Fig. 16 Variation in the instantaneous torque 
coefficient of the single blade with the azimuthal 

angle for different pitch angles at a TSR = 0.6 

 
Figure 16 shows the torque coefficient curve of the 

single blade at pitch angles of 0°, 5°, and 10° when TSR 
= 0.6 for numerical simulation. Under a pitch angle of 10°, 
the blade generates the maximum Ct at azimuthal angles 
ranging from 0° to 120°, improving the acceleration more 
than at other pitch angles. Figure 17 shows the 
contributions of the lift and drag forces to torque 
generation. The positive contribution of the lift at a 10° 
pitch angle to the torque is the largest when the azimuthal 
angle is less than 120°. In contrast, the difference between 
the contributions of lift at the other two pitch angles is 
minimal. However, in terms of the contribution of drag to 
torque, the absolute value of the negative torque 
contribution generated by resistance at a 10° pitch angle 
is the lowest. Minimal difference is observed between the 
other two pitch angles. Compared with the other two pitch 
angles, a pitch angle of 10° has a minor obstruction effect 
and slightly improves the torque. 

Figure 18 shows the self-starting process of the 
NACA0018 airfoil turbine with pitch angles of 0°, 5°, and 
10° in the simulation and experiment. First, the turbines 
with three different pitch angles can accelerate from 
stationary to rotational. However, the TSRs of turbines 
with pitch angles of 0° and 5° do not enter the lift 
acceleration state, and the turbines fail to exit the 
deadband. A turbine with a 0° pitch angle exhibits a low 
TSR of 0.18, whereas a turbine with a 5° pitch angle has 
a higher TSR, reaching 0.27. These turbines did not  

 

Fig. 17 Contribution of lift and drag to torque 
generation as a function of blade azimuthal angle for 

different pitch angles at a TSR = 0.6 

 

complete the self-starting process. In this case, although 
lift serves as the primary driving force for the turbine, the 
generated torque is too small to load for power output. 
Different from turbines with pitch angles of 0° and 5°, the 
turbine with a pitch angle of 10° still has an apparent 
acceleration trend after crossing the deadband and 
entering the second half of the lift drive state. Currently, 
the turbine completes its self-starting process and can load 
its power output. According to the simulation results, 
compared with a 0° pitch angle, a 5° pitch angle has a 
greater acceleration ability in the linear acceleration state. 
Nevertheless, they both do not complete the self-starting 
and remain in the deadband. At the final stable condition, 
the TSR at 5° is slightly greater than that at 0°, reaching 
approximately 0.69. A wind turbine with a pitch angle of 
10° can enter the second half of the lift acceleration state 
and complete self-starting. The deviation curve in Fig. 
18(c) illustrates a substantial discrepancy for the wind 
turbine that failed to self-start, while for the 10° pitch 
angle, successful self-starting occurred with minimal 
deviation, attributable to a delay in reaching the 
acceleration phase. Compared to the experiment, the 
numerical simulation disregards the natural resistance and 
generates more torque. The wind turbines that failed to 
self-start generate additional torque, leading to the 
maintenance of a higher TSR. The turbine that 
successfully completes self-starting can quickly pass 
through the plateau, enter the lift acceleration state, and 
complete self-starting. The final TSR reaches 2.1; this 
value has a small difference with the experimental TSR of 
1.9. Despite disparities observed between the experiment  
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Fig. 18. NACA0018 turbine self-starting process: 
experiment (a) and numerical simulation (b) and 

deviation (c) 

 

and simulation results, the self-starting process shows 
consistent correlation. 

Figure 19 shows the variation in torque for a pitch 
angle of 0° at a maximum TSR = 0.6, 5° at a maximum 
TSR = 0.69, and 10° at a TSR = 0.7 in one rotation cycle. 
Turbines with pitch angles of 0° and 5° can generate stable 
torque and negative torque such that both working 
conditions are in a steady state. The positive Ct of the 
turbine with a pitch angle of 10° is the largest, while the 
absolute value of the negative Ct is the smallest compared 
with the other two pitch angles; these results demonstrate 
that the turbine is in the lift acceleration state.  

 

Fig. 19. Relationship between the torque coefficient 
and azimuthal angle for pitch angles of 0° at TSR = 

0.6, 5° at TSR = 0.69, and 10° at TSR = 0.7 

 

 

Fig. 20 Self-starting process of the NACAxx18 airfoil 
turbines 

 

4.4 Effect of Different Airfoil Profiles on Dynamic 
Start-up Performance 

Figure 20 shows the experiment's self-starting 
process for three NACAxx18 airfoil turbines with a 5° 
pitch angle. The NACA0018 airfoil turbine fails to 
complete self-starting. The NACA2418 airfoil turbine 
entered the second half of the lift acceleration state before 
the NACA4418 airfoil turbine completed its self-starting. 
The asymmetric NACA4418 airfoil with a greater relative 
camber could maintain a higher speed in the steady state. 
The NACA2418 airfoil turbine took 92 s to complete self-
starting, while the NACA4418 airfoil turbine achieved 
self-starting in 104 s. Although the NACA0018 airfoil 
turbine failed to complete the self-starting process, when 
the experiment began, the initial speed (greater than the 
deadband speed) was used to assist the NACA0018 airfoil 
turbine in completing the self-starting such that it could 
carry out power output. The power coefficient of three 
NACAxx18 airfoil turbines as illustrated in Fig. 21, the 
NACA0018 symmetrical airfoil turbine had a higher Cp 
of 0.156; this value was 30% higher than that of the 
NACA4418 asymmetric airfoil turbine. The NACA4418 
airfoil turbine exhibits minimal fluctuations in the 1st 
derivative of angular acceleration, indicating a lesser 
angular acceleration compared to the NACA2418 airfoil.  
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Fig. 21. Power coefficient comparison of the 
NACAxx18 airfoil turbines 

 

 

Fig. 22. Self-starting process at different inlet wind 
speeds: experiment and numerical simulation 
 

This phenomenon also implies a weaker performance in 
terms of power generation. In general, the NACA2418 
airfoil turbine had a stronger self-starting ability, but its 
Cp was lower than that of the NACA0018 airfoil, and its 
comprehensive performance was the best. 

4.5 Study on the Minimum Self-starting Wind Speed 

The symmetrical airfoil NACA0018 turbine with a 0°  
 

pitch angle is investigated to study the minimum self-
starting wind speed. According to the experimental and 
simulation results in Fig. 18, the NACA0018 airfoil 
turbine fails to self-start under 5 m/s condition. 

Figure 22 shows the self-starting process of the 
experiment and the numerical simulation of different inlet 
wind speeds. In the experiment, the turbine can enter the 
second half of the lift acceleration state at 6 m/s, complete 
its self-start, and finally reach a stable TSR of 1.95. In the 
numerical simulation, under 5.5 m/s condition, the turbine 
is unable to break through the plateau to enter the lift 
acceleration state falling into the deadband, and the final 
TSR is 0.65; compared with 5 m/s, the TSR increases by 
0.05. When the inlet wind speed increases to 6 m/s, the 
turbine can generate more torque to make it enter the lift 
drive state to complete self-starting. The numerical 
simulation results and experimental findings exhibit 
discrepancies during the self-starting process, a 
phenomenon also observed in Asr et al. (2016)'s research. 
This discrepancy is attributed to factors such as the edge 
impact of the blades, the wind resistance from the support 
frames, and the presence of magnetic powder 
dynamometers. These factors impact the aerodynamic 
behavior of the turbine, aspects that are neglected in the 
two-dimensional computational study. 

Figure 23 shows the Ct variation of the turbine and 
single blades during one rotation cycle under 5.5 m/s at 
TSR = 0.65 and 6 m/s at TSR = 0.7. For the three-blade 
turbine, one cycle is 120°. When the turbine operates to 
120°, blade 3 rotates to the 0° position of blade 1. 
Therefore, Fig. 24 and Fig. 25 display contours of static 
pressure and velocity magnitude at 0°, 30°, 60°, and 90° 
under 5.5 m/s at TSR = 0.65 and 6 m/s at TSR = 0.7. 
Figure 23 (a) shows that a positive torque is generated 
under both working conditions for azimuthal angles 
ranging from 0° to 60°and the two conditions exhibit 
similar trends. In the azimuthal range of 60° to 120°, the 
5.5 m/s condition generates massive negative torque, 
which offsets the positive torque generated by 0° to 60°. 
The turbine keeps rotating at a constant speed. Compared 
to the 5.5 m/s condition, the 6 m/s condition generates less 
negative torque from 60° to 120°. This helps the turbine 
generate a small amount of positive torque to slowly pass 
through the deadband. Figure 23(b) shows that the three 
blades exhibit similar torque coefficient variations at5.5 
m/s or 6 m/s. In the range of 0° to 60°, under 6 m/s 
condition, the ability to generate positive torque is 

 

Fig. 23 Variation in the instantaneous torque coefficient with the azimuthal angle for different inlet wind speeds: 
the turbine (a) and single blades (b) 
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(a)                     (b) 
Fig. 24 Static pressure contours at azimuthal angles 

of 0°, 30°, 60° and 90°: 5.5 m/s (a) and 6 m/s (b) 

 

(a)                     (b) 
Fig. 25 Velocity magnitude contours at azimuthal 

angles of 0°, 30°, 60° and 90°: 5.5 m/s (a) and 6 m/s 
(b) 

 

the range of 120° to 180°, under 5.5 m/s condition, 
positive torque is produced, while at 6 m/s, negative 
torque is generated. Figure 24 shows the contours of static 
pressure under two inlet wind speeds. When the turbine is 
at the 0° azimuthal angle, the pressure distributions 
exhibit similarities under the two conditions. The positive 
pressure is observed at the leading edge of blade 1, 
accompanied by a slight negative pressure on the inner 
side. This condition leads to the generation of a small 
negative torque. The trailing edge of blade 2 exhibits 
negative pressure, generating a large negative torque. 
When blade 3 interacts with the incoming wind, it induces 
positive pressure on its inner side and concurrently 
experiences negative pressure on the outer side, causing 
the generation of positive torque. Figure 23(b) confirms 
this phenomenon. Under two wind speed conditions, as 
the turbine turns counterclockwise, the blade 1 azimuthal 
angle progresses from 0° to 90°, leading to a relocation of 
the positive pressure region from the leading edge to the 
upper edge. However, under the 6 m/s condition, the 
positive pressure area and value are larger compared to 5.5 
m/s. Conversely, the area and value of the negative 
pressure cause a difference. The contours show that a 
negative pressure zone is generated under both conditions 
at the trailing edge of the inner blade. However, the area 
and value generated at 5.5 m/s are greater than that 
generated at 6 m/s. Moreover, at 6 m/s, a secondary 
negative pressure zone emerges in the middle of the inner 

blade, which decreases negative torque generation. Figure 
23(a) shows the torque coefficient has a large difference 
at 90°. The 6 m/s condition is -0.057, but the 5.5 m/s 
condition is -0.251. 

Figure 25 illustrates the velocity magnitude contours. 
It is evident that there is a strong resemblance between the 
two wind speed conditions. This similarity arises because 
the incoming wind speeds for both conditions are close, 
and the TSR are also similar. Specifically, the turbine 
under the 6 m/s condition operates in a plateau state, 
generating a modest amount of torque, leading to a 
gradual acceleration. On the other hand, the turbine under 
the 5.5 m/s condition is in a stable state without additional 
torque to accelerate the turbine over the plateau. 
Consequently, the velocity magnitude contours and 
streamlines exhibit a high degree of similarity between the 
two conditions. 

5. CONCLUSIONS 

The self-starting performance evaluation of VAWTs 
can be divided into static start-up performance and 
dynamic start-up performance. Traditional methods 
relying on the static torque coefficient or self-starting time 
exhibit limitations. Based on the observed power 
performance characteristics and the variations in angular 
acceleration, including the first derivative of angular 
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acceleration, for the very first time, "the minimum 1st 
derivative of angular acceleration in the lift acceleration 
state" is proposed to be the indicator of self-starting 
completion. The self-starting performance of three NACA 
airfoil wind turbines is investigated. The effects of the 
static evaluation method on the dynamic start-up process 
and the effects of airfoils, pitch angles, and inlet wind 
speeds on the dynamic start-up process are studied. Our 
main conclusions are as follows: 

1. An initial azimuthal angle with a low static torque 
coefficient may cause the turbine to be stationary and 
unable to rotate. A high static torque coefficient can ensure 
that the turbine can rotate at the beginning. However, the 
subsequent self-starting time is independent of the static 
torque coefficient. 

2. The effects of pitch angles and airfoils are 
investigated. Increasing the pitch angle enhances the self-
starting performance. For the NACA2418 airfoil turbine, 
the self-starting times for pitch angles of 10° and 5° are 
reduced by 20% and 12%, respectively, compared to that 
for 0°. The negative torque contribution of drag is distinct. 
For the NACA0018 airfoil turbine, pitch angles of 0° and 
5° fail to self-start, with only the 10° pitch angle 
completing the self-starting process. 

3. The airfoil NACA0018 airfoil turbine failed to 
complete self-starting; the maximum Cp reached 0.156 
with assisted starting. The self-starting performance of the 
NACA2418 airfoil turbine is better than those of the other 
two airfoils, and its Cp is slightly lower than that of the 
NACA0018 airfoil; this result shows the best 
comprehensive performance. 

4. The analysis of the minimum self-starting wind 
speed of the NACA0018 airfoil turbine shows that the 
self-starting wind speed is between 5.5 m/s and 6 m/s. At 
0° to 60° azimuthal angles, positive torque is generated 
under inlet wind speeds of 5.5 m/s and 6 m/s. At 60° to 
120° azimuthal angles, the 5.5 m/s condition generates 
massive negative torque, which offsets the positive torque 
generated by 0° to 60°. Thus, the turbine is in a stable 
rotational state at 5.5 m/s, while at 6 m/s and can 
overcome the plateau state to complete the self-starting 
process. 
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