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Abstract 

Although the J-shaped aerofoil is a possible solution to enhance the torque generation at the low 

tip speed ratios, the effect of the J-shaped aerofoil on the overall and the dynamic start-up 

performances of the H-type VAWT has not been extensively studied. Therefore, for the first time, 

the present study is aimed at exploring the impact of the J-shaped aerofoil with different values of 

opening ratio on overall and dynamic start-up performance of the H-type VAWT considering 

different design parameters. The results show that a dynamic start-up model is needed to fully 

examine the self-starting capability of the J-shaped aerofoil instead of using calculated 

torque/power coefficients at the constant tip speed ratios. In addition, while the opening located at 

the inner surface of the aerofoil does not bring any benefit, the turbine self-starting ability increases 

with the increase in the opening ratio. Furthermore, there is a noticeable enhancement in the starting 

ability when the thicker NACA0018 aerofoil is employed, and the reversed version of the cambered 

aerofoils demonstrates a better self-starting capability compared to their original profiles. 

Additionally, the turbine with the J-shaped aerofoil having a slightly positive pitch angle (𝛽 = 2°) 

has been found to have a better self-starting ability. 
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1. Introduction 

The use of wind energy has increased rapidly in recent years, and it now plays a critical role in the 

production of renewable energy electricity. Wind turbines are often employed to extract the 

potential of the wind and can be mainly classified as horizontal axis wind turbines (HAWTs) and 

vertical axis wind turbines (VAWTs) [1]. Furthermore, there are two types of vertical axis wind 

turbines: the drag-driven Savonius rotor and the lift-driven Darrieus rotor [2]. Due to its higher 

power coefficient than VAWTs, HAWTs are widely used and currently dominate the field of large-

scale wind power generation both on land and at sea [3]. 

Despite the fact that HAWTs are more advantageous than VAWTs from the maximum efficiency 

point of view when compared on the same scale, VAWTs have become a topic of investigation in 

recent years due to the inherent advantages that VAWTs have over HAWTs. These advantages can 

be listed as simple blade profile, omni-directional operation, affordable installation and 

maintenance cost, and lower noise, etc. [4]. On the other hand, apart from the advantages, VAWTs 

have several significant problems. The flow at the vicinity of the turbine is highly unsteady, which 

is because the azimuthal angle and angle of attack during the rotation are constantly changing. As 

a result of this, the turbine blades are exposed to all possible angles of attack during the complete 

rotation, making aerodynamic estimations more complex and difficult to comprehend [5].  

Furthermore, the self-starting is also another major problem for the H-type VAWTs, especially for 

the ones that are used for the small-scale energy production. Unless the appropriate types of 

aerofoils, freestream wind speed, and turbine solidity are selected, H-type VAWTs may fail to self-

start [6]. First and foremost, the understanding of the definition of self-starting is the first step to 

overcoming the self-starting problem of these turbines. Therefore, self-starting needs to be defined 

carefully. Although a Darrieus turbine is able to produce a small amount of forward torque when 

it is in a stationary condition, it may create a net torque per revolution at the initial starting stage, 

but it may then produce negative torque under certain circumstances over a range of tip speed ratio 

() varying between about 0.5 and 2 depending on the blade geometry. Baker [7] describes this 

negative net torque region as the ‘dead band’. According to his study, a turbine, which has this 

characteristic, may just start but it will not be able to escape this dead band in order to achieve its 

optimal working speed. Although various forms of the self-starting definition exist in the literature 

[8–10], in the present study, only if the turbine accelerates from rest to its final operating tip speed 

ratio, where the turbine has already passed the plateau stage, is it termed the self-starting [11].  

The investigation of the self-starting behaviour of the Darrieus wind turbines, especially the H-type 

VAWT, has been a topic of intense conflict among the researches. In the literature, a number of 
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methods were proposed to overcome the self-starting problem of these turbines like pitching the 

blades, hybrid turbine designs, and optimising the turbine geometry including turbine solidity, 

blade thickness, and camber, etc. Although these methods may enhance the turbine self-starting 

capability, these can cause some of the major problems, such as a reduction in the final rotational 

speed at the steady-state condition and an efficiency loss in the peak power coefficient. Therefore, 

external electricity feed-in is generally needed to self-start the turbine. However, this external 

assistance results in much of this kind of turbine’s advantages being lost. 

Among all the possible solutions for the self-starting issue, the utilization of the different types of 

aerofoils in the H-type VAWT can significantly affect the turbine overall and self-starting 

performance. An optimum aerofoil profile of the H-type VAWT is expected to possess some 

desirable characteristics to obtain the optimum performance during the different turbine operating 

conditions, especially at the low tip speed ratios for the turbine self-starting ability. Therefore, a 

great number of numerical and experimental investigations on the impacts of the aerofoil profile 

on overall turbine performance and self-starting behaviour have been conducted [8,12–16]. 

However, as an alternative solution that can address the self-starting issue, the J-shaped profile has 

been applied to the VAWTs by a very small number of researchers. Chen et al. [17] investigated 

different surface opening ratios (the ratio of the cut-off length and the full aerofoil length) for the 

J-shaped aerofoil in order to overcome the issue of the self-starting of H-type VAWTs. Several 

opening ratios employed to the aerofoil surface were located on both the inner and outer sides of 

the turbine. The results show that in terms of the power performance at the optimum tip speed ratio 

and the starting torque generation, the desirable turbine can be obtained with the J-shaped aerofoil 

with 0.48 and 0.60 inner opening ratios while that of 0.72 and 0.84 outer opening ratios. Zamani et 

al. [18] studied a 3kW H-type VAWT by implementing the newly proposed J-shaped aerofoil 

profile. The main objective of this study was to enhance the starting torque of the H-type VAWT 

using the J-shaped profile. The findings indicate that the optimum turbine performance can be 

obtained using the J-shaped profile, which has the opening from the maximum thickness toward 

the trailing edge. More recently, Mohamed [19] criticised the J-shaped Darrieus type VAWT using 

different types of the aerofoils, such as NACA0015, NACA0021 and S1046, in terms of the turbine 

performance and noise generation. The author claims that the J-shape aerofoil decreased the turbine 

performance and did not reduce the turbine noise. However, this study was not carried out in 

accordance with the main purpose of J-shaped aerofoils. Because it is known that J-shaped aerofoils 

can increase the performance of the turbine at low  values (generally less than 2) and decrease the 

performance at high  values. However, the  range investigated by the author was 2 to 5, but this 

range is not appropriate to evaluate the main purpose of J-shaped aerofoils. 
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1.1. Novelty and objectives  

To make H-type VAWTs appropriate for small-scale energy production, the factors that hinder the 

turbine from self-starting should be thoroughly comprehended and developed to eliminate the 

problem. Therefore, the current study intends to provide a thorough investigation on the 

aerodynamic performance of the J-shaped aerofoil and to assist in the literature of J-shaped aerofoil 

research by conducting detailed analyses on the influence of the various design parameters 

including opening design, blade shape, pitch angle, etc.  

The main gaps identified in the literature of the J-shaped aerofoil for H-type VAWTs are briefed 

as follows: 

• The aerodynamic performance of the J-shaped aerofoil is not fully understood due to the 

inconsistent results obtained in the previous studies and the lack of detailed studies addressing its 

importance in terms of the aerodynamics. 

• None of studies in the literature investigated the turbine self-starting behaviour considering 

the dynamic start-up data. In the previous studies, the self-starting performance of the H-type 

VAWT having a J-shaped aerofoil was assessed based on the calculated torque coefficient or power 

coefficient at the particular low  values, which only implies whether the turbine may self-start or 

not and never provides a deeper knowledge of the effect of the J-shaped profiles on the turbine 

dynamic self-starting behaviour. 

• Analysis of the impact of the most influential design parameters, such as aerofoil profile 

and blade pitching, on the turbine self-starting performance when a J-shaped aerofoil is used, 

meaning that the very important recommendations to obtain a design of the H-type VAWT having 

an optimum J-shaped aerofoil configuration can be provided.  

To address the gaps defined above, the present study has the following aims and objectives:  

• Build and employ a method that is based on the time-varying start-up data for a thorough 

analysis of the aerodynamic behaviour of the J-shaped aerofoil in comparison with its conventional 

profile when it is employed for VAWT.  

• Investigate the effect of the openings located on the aerofoil outer and inner surfaces on the 

self-start of the turbine. 

• Investigate the influence of the J-shaped aerofoil with the different opening ratios on the 

turbine torque generation considering the low and high  values.  

• Provide extensive knowledge of the lift and drag contributions of the J-shaped profile to the 

torque generation at different  values.  
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• Evaluate a number of aerofoil profiles with and without an opening for the dynamic start-

up performance of the turbine. 

• Examine the impact of the pitch angle on the turbine self-starting performance using the J-

shaped aerofoils in comparison with the conventional aerofoil. 

2. Method description 

Several fixed rotational speeds for the rotor are defined in the traditional approach of CFD analysis 

of VAWT, and the torque is determined for each rotational speed. However, in the present study, 

a method based on the interaction of the fluid and turbine has been employed. In this method, the 

solution starts where the turbine is at rest and the instantaneous aerodynamic torque (𝑇𝑤) 

corresponding to the turbine instantaneous position can be calculated using Eq.1 depending on the 

aerodynamic lift force (𝐹𝑙) and drag force (𝐹𝑑) that are obtained through the solution of the Navier-

Stokes equations.  

 𝑇𝑤 = ∑(𝐹𝑙𝑠𝑖𝑛𝛼 − 𝐹𝑑𝑐𝑜𝑠𝛼) × 𝑅)𝑖3
𝑖=1  (1) 

In the next time step, the acceleration the turbine (𝑎) can be obtained by using the equation of 

motion (Eq.2) taking into consideration the moment of inertia (𝐼) and the resistive torque (𝑇𝑟𝑒𝑠) (if 

available).  

 𝑎 = 𝑇𝑤 − 𝑇𝑟𝑒𝑠𝐼  (2) 

Once the acceleration of the turbine is found, the new rotational speed (𝜔𝑡+1) and new azimuthal 

position (𝜃𝑡+1) of the turbine for the next time step can be also obtained using the Eq.3 and Eq.4.  

 𝜔𝑡+1 = 𝜔𝑡 + 𝑎∆𝑡 (3) 

 𝜃𝑡+1 = 𝜃𝑡 + 𝜔𝑡+1∆𝑡 (4) 

This procedure will be repeated to calculate the new aerodynamic forces and the new rotational 

speed for the next time step and continued until the turbine reaches its final rotational speed at the 

steady-state condition. According to this procedure, the 6 degrees of freedom (6DOF) user-defined 

function (UDF), which consists of the turbine moment of inertia and its other physical 

characteristics, were written in the C language and employed in the dynamic mesh zone section of 

ANSYS Fluent solver. A typical example of the UDF code used in the 2D CFD start-up simulations 

is provided in the Appendix. However, although the moment of inertia for the turbine was stated 



6 

 

as 0.018 kgm2 in the experimental configuration [20], the moment of inertia was recalculated for 

the 2D CFD simulations by considering the height of the turbine as 1m, instead of 0.6m (in the 

experiment). The newfound value for the inertia was 0.03 and it is consistent with [21,22]. 

3. CFD simulation process 

3.1. Model description and computational settings  

The CFD can be applied to the VAWT simulations due to their ease and accurate predictions 

compared to the other types of methods such as the Blade Element Momentum model [11]. Since 

the previous studies [23–30] have illustrated that 2D CFD models can yield acceptable results while 

effectively revealing the most critical factors that influence the overall performance of the turbine 

and the flow physics at the vicinity of the turbine blades, a 2D CFD model has been created and 

employed to analyse the aerodynamic performance of the H-type VAWT in the present work. 

Due to a limited number of studies existing in the literature related to turbine self-starting, a 

published experimental study conducted by Rainbird [20] was selected for the validation purpose 

of the current CFD dynamic start-up model. Instead of the simply calculated overall torque/power 

coefficients, a time-varying behaviour of the turbine self-starting data has been computed in the 

experiment, and this provides a good opportunity for the validation of the present 2D CFD dynamic 

start-up model. In the current study, the main configuration of the investigated H-type VAWT has 

been selected according to the experimental setup. The turbine has a diameter of 0.75m with three 

NACA0018 aerofoils having a chord length of 0.083m. The CFD model that will be employed in 

the investigations was created using the ANSYS Design Modeller, and Table 1 shows the main 

features of the wind turbine. 

Table 1. The main features of the wind turbine used in the present study.  

Description  Value Unit 

Number of blades 3 - 

Chord length   0.083 m 

Span height 0.6 m 

Diameter of turbine  0.75 m 

Blade profile NACA0018 - 

Turbine moment of inertia 0.3 kgm² 

Semi-Implicit Method for Pressure Linked Equations (SIMPLE), a pressure-velocity coupling 

algorithm that enforces mass conservation by using a relationship between velocity and pressure 

corrections, was employed in the simulations with the node-based gradient that is known as the 
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Green-Gauss Node Based [31]. The second-order upwind scheme that provides a better balance 

between accuracy and robustness is used for the temporal and spatial discretization of the 

convection terms of the momentum and turbulence model equations [23]. The simulations were 

run with various numbers of iterations and magnitudes of the convergence criteria to evaluate the 

sensitivity of the results in regards to the number of iterations and residual convergence criteria. It 

was discovered that at least 25 iterations are required to obtain all scaled residuals < 1 × 10−5, 

which agrees with previous research [32]. Since the turbulent intensity of the wind tunnel in the 

experiment was unknown, a sensitivity study was performed to determine the proper turbulent 

intensity and viscosity ratio, which were determined to be 1% and 10, respectively. All simulations 

have been run on the University of Sheffield's HPC (High-Performance Computing) facilities with 

double precisions, and when 16 cores were employed, each simulation took at least 9 hours to 

complete. 

Furthermore, because of the complex flow structures at the vicinity of the VAWT, a proper 

selection of the turbulence model is a crucial part of the CFD simulations, especially at the low  

regions. In this regard, it can be observed in the literature that the two-equation turbulence models, 

such as 𝑘– 𝜀 and 𝑘– 𝜔, are widely employed in the wind turbine analyses, and one of the 𝑘– 𝜔 turbulence model, which is the Shear Stress Transport (SST) 𝑘– 𝜔 model has become more 

popular for VAWT simulations [33]. The SST 𝑘 − 𝜔 turbulence model has been proposed as a 

hybrid model that combines the 𝑘 − 𝜔 and 𝑘 − 𝜀 models. While the 𝑘 − 𝜔 model is employed for 

the near wall region, the 𝑘 − 𝜀 is used for the regions that are away from the wall [34]. Although 

the 𝑘 − 𝜔  models need to be meshed well in order to analyse the flow near the wall that may result 

in the method being much more expensive compared to the 𝑘 − 𝜀 model, it provides more reliable 

results. For this reason, the SST 𝑘– 𝜔 turbulence model is widely employed in many CFD 

simulations by researchers [15,35–41]. Consequently, the SST 𝑘– 𝜔 turbulence model has been 

selected for the turbulence modelling in the model verification studies and further investigations. 

3.2. Model verification  

In this section, sensitivity analyses were carried out in order to achieve a precise CFD model, and 

then the predicted result and the experimental data have been compared to be sure of the reliability 

of the present 2D CFD model. The computations with various domain sizes, grid resolutions, and 

time-step sizes have been analysed to ensure the independent of the results on these parameters. 

Two tip speed ratios (), namely (=1.5) and (=3) have been selected for the sensitivity studies in 

order to ensure that the selected parameters in this study can produce the consistent results at both 

low and high tip speed ratios.  
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The computational domain consists of two zones, namely the rotating domain and the stationary 

domain, which has been created in ANSYS Design Modeller. The two zones are coupled using 

interface boundary conditions in order to ensure that the continuity in the flow field is formed. The 

constant freestream velocity, which is perpendicular to the inlet, is defined as 𝑉∞ = 6𝑚/𝑠 based 

on the experimental data [20]. The Reynolds number corresponding to the freestream wind velocity 

used in the experiment varies between 0 and around 1.1 × 105 since the turbine rotational speed 

varies, starting from rest and accelerating until the steady-state condition is reached. Under these 

circumstances, the turbine can be considered as working in the urban environment conditions where 

the fluid flow around the turbine becomes incompressible and laminar-to-turbulent transition 

[42,43]. Therefore, an appropriate turbulence model, SST 𝑘– 𝜔, that effectively covers these 

transitional flows and to calculate the aerodynamic loads has been selected. In addition, the outlet 

is set as a zero-gauge pressure outlet and the no-slip condition is applied to the blade surfaces. The 

top and bottom sides of the computational domain are assumed as the symmetry boundary 

conditions to minimize the effect of the blockage [44].  

Three different domain sizes, namely Domain 1, Domain 2, and Domain 3, which have the 

dimensions of (30R length × 12R width), (40R length × 16R width), and (50R length ×20R width), respectively, have been investigated at both low values of  of 1.5 and high  of 3 to 

analyse the influence of the domain size on the simulation results. The comparison of the torque 

coefficients for the domain sizes investigated at both tip speed ratios is demonstrated in Fig. 1. It 

has been found that the Domain 2 can be selected as the final computational domain due to the 

values indicated in the Fig. 2 for the model validation study and further investigations. The reason 

for choosing the Domain 2 is that the discrepancy between the Domain 2 and Domain 3 for both 

tip speed ratios is very slight. In addition, the final dimensions of the computational size is in good 

agreement with the other relevant literature [45,46]. 

 

Fig. 1. Comparison of the torque coefficient for the different domain sizes at =1.5 and =3. 
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Fig. 2. 2D computational domain of the current study and boundary conditions (note sketches are not in 

scale).  

Furthermore, based on the recommendations of  Almohammadi et al. [47], a hybrid mesh has been 

selected to generate the computational grid due to the most advantageous type for reducing the 

number of mesh elements in the computational domain. The selected hybrid mesh in this study 

comprises a structured mesh applied to both the vicinity of aerofoils and the stationary domain, 

while an unstructured mesh has been applied to the rotating domain, as shown in Fig. 3. In addition, 

15 mesh layers of the quadrilateral elements with the first layer height of about 0.02 mm is utilised 

to resolve the viscous sub-layer [48]. Thus, a dimensionless 𝑦+ value having an average wall 

distance 𝑦+ < 1 with a maximum value of 2.5 has been obtained throughout the simulations, which 

assists in accurately estimating the aerodynamic forces acting on the turbine blade [27]. To achieve 

an optimum number of nodes surrounding the aerofoil, three different number of nodes, namely 

Node 1, Node 2, and Node 3 that have 800, 1000, and 1200 nodes, respectively, were examined. 

The mesh intensity for the far field regions, such as the stationary domain, has been refined enough 

in order to reduce its impact on the results and while changing the number of nodes around the 

aerofoil, the mesh element numbers in these regions are kept constant throughout the mesh 

independence analysis. Fig. 4 demonstrates a comparison of the torque coefficients for the different 

number of nodes, in the vicinity of the aerofoil, at two different  values, such as =1.5 and =3. 

As observed in Fig. 4, even though there is a negligible difference observed between the nodes 

investigated at =3, only a small discrepancy was obtained between Node 2 and Node 3 while 

Node 1 is quite different at =1.5. Therefore, the present mesh independency study findings suggest 

that Node 2, which has 1000 nodes around the aerofoil, is the best node to be used based on the 

accuracy and computational efficiency. Thus, the total number of nodes for the mesh structure that 

would be employed in future investigations was found to be around 204,000 in the whole domain. 

The average skewness that is achieved has a value of 0.102 and with a maximum of 0.655. Since a 
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skewness higher than 0.95 illustrates a very poor quality of the meshing [49], then the maximum 

value of the skewness of 0.655 that occurs in a small fraction of the computational domain (only 

in 6 cells) in the present study indicates that the mesh quality is sufficient. Furthermore, the average 

orthogonal quality obtained in the present grid is 0.961 and with a minimum value of 0.71. 

Consequently, the present mesh demonstrates the excellent quality and it is consistent with the 

previously published studies [25,50].   

 

Fig. 3. Grid details of the computational domain including the rotating domain, and the leading and trailing 

edges. 

 

Fig. 4. Comparison of the torque coefficient for the different number nodes surrounding the aerofoil at 

=1.5 and =3.  
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Three different time steps, ∆𝑡1 = 0.00144𝑠, ∆𝑡2 = 0.00072𝑠, and ∆𝑡3 = 0.00036𝑠, have been 

evaluated for the time step size independency study at both  values of 1.5 and 3 and compared in 

terms of the torque coefficient, as shown in Fig 5. Due to the insignificant difference obtained 

between ∆𝑡2 and ∆𝑡3 at both  values, the time step size of ∆𝑡2 = 0.00072𝑠 was found to be the 

best time step to be used based on the accuracy and computational efficiency. Since the present 

self-starting simulations are based on the time-varying data, which is in contrast to the conventional 

method that is based on the constant rotational speed, the selected time step size for the present 

investigations correspond to the varying azimuthal increments at different operating conditions. 

For instance, at =0.5, the azimuthal increment is found to be around 0.33 degree, while it is about 

2.31 degree at =3.5. The selected time step size is in good agreement with the previous findings 

[51,52]. Furthermore, the value of the Courant number, which is related to the time step size, is 

recommended to be less than 40 during the simulations for complex unsteady flows [53]. In the 

present study, the Courant number has been found to have a maximum value of 10, and this is a 

value that is consistent with the value employed in the existing literature [43,53]. 

 

Fig. 5. Comparison of the torque coefficient for the different time step sizes at =1.5 and =3. 

After the sensitivity studies, the final obtained 2D CFD start-up model was compared with the 

experimental data provided by Rainbird [20] in Fig. 6. In order to make it easier to observe the 

comparison between the current result and experimental data, the non-dimensional time axis 

defined as t/T (T is the time when the turbine reaches the steady-state condition) has been 

employed. The turbine used in the experiment reaches steady-state condition at a tip speed ratio of 

roughly 3.2, whereas this tip speed ratio has been found to be 4.1 in the present CFD model (see 

Fig. 6).  
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Fig. 6. Variation of the tip speed ratio with the normalized time for the comparison between the present 2D 

CFD and the experimental results.  

The discrepancy between the simulated and experimental results, especially at the high tip speed 

ratios, could be attributable to the following: 

• The presence of 3D effects, namely the tip losses and the blade supporting arms and that are not 

considered in the present 2D CFD model [21]. 

• Other sources of the resistive torque, such as generator losses and bearing friction, can lead to 

the observed over-prediction when compared to the experimental data [54]. However, the 

resistive torque impact on the self-starting behaviour has not been included in the present CFD 

simulations because of the lack of information presented in the experimental data. 

• The uncertainties associated with the experimental study, for instance the blade-spoke 

connection, are not explicitly stated in the experiment data  [20]. It is known that the influence 

of the blade-spoke connection on the power performance of the turbine more severe at higher  

values [4]. This might explain the higher divergence between the experimental data and the 

numerically predicted rotational speed by the present CFD model, notably during the 

acceleration period and steady-state condition. 

Although a noticeable difference between the numerical prediction and experimental data is 

observed in the high tip speed ratio areas, the results for the critical tip speed ratio range, 0 <  <1, are in good agreement. The current finding is also consistent with the existing previous studies 

in the literature [21,51,52]. Consequently, the obtained 2D CFD model has been found to be 

sufficient for the accurate investigation for the further studies of the self-starting characteristics of 

the H-type VAWTs having different configurations of the J-shaped aerofoils.  
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4. Results and discussions 

As observed in the previous section, the research turbine used in the validation study is able to 

escape the plateau stage and reach its steady-state operating condition under the freestream wind 

speed of 𝑉∞ = 6𝑚/𝑠. However, a series of preliminary numerical studies has been conducted to 

assess the turbine net torque generation at different  values and if the turbine will be able to self-

start under freestream wind speeds lower than 6 𝑚/𝑠, i.e. 4 and 5𝑚/𝑠. The purpose of examining 

different freestream wind speed conditions is to determine the problematic turbine and to overcome 

the self-starting deficiency of the turbine by employing the J-shaped aerofoil.  

Firstly, the turbine performance has been analysed at eight constant tip speed ratios in terms of the 

generated net torque. Fig. 7 illustrates the comparison of the turbine torque coefficients at various 

tip speed ratios for different freestream wind speeds. There are two distinct regions observed in 

this figure: (i) with the free wind speed lower than 6𝑚/𝑠, the turbine generates a net negative torque 

region at low  values, known as “the dead band” [7]. This negative torque region may prevent the 

turbine speed up and escape from the plateau stage unless this dead band is sufficiently small, and 

the turbine can gain enough momentum to break through the plateau stage. Therefore, it can be 

expected that the turbine under the freestream wind speeds 4𝑚/𝑠 and 5𝑚/𝑠 may fail to self-start. 

(ii) Considering the optimum tip speed ratio, where the turbine produces the higher torque, the 

magnitude of the torque generated increases with the increase in the wind speed. 

 

Fig. 7. Variation of the torque coefficient with the tip speed ratio for different freestream wind speeds of  𝑉∞ = 4, 5, 6𝑚/𝑠. 
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Secondly, a further study has been conducted by investigating the turbine dynamic start-up 

behaviour under different freestream wind speeds as shown in Fig. 8. The turbine can only self-

start at a freestream wind speed of 6𝑚/𝑠, as shown in the figure. This finding supports the results 

obtained in the turbine torque coefficient versus tip speed ratio curve (see Fig. 7), which showed 

no dead band under the freestream wind speed of 6𝑚/𝑠.  

Since the results obtained in the present section illustrates that the turbine is not able to self-start 

under the freestream wind speeds lower than 6𝑚/𝑠, a freestream wind speed of 5𝑚/𝑠 has been 

selected for further investigations to analyse the capability of the J-shaped aerofoil on the 

improvement of the self-starting ability of the H-type VAWTs.  

 

Fig. 8. Variation of the tip speed ratio with the time for different freestream wind speeds of  𝑉∞ = 4, 5, 6𝑚/𝑠. 

4.1. Self-starting performance analyses of the J-shaped aerofoils 

The present section has been designed to evaluate the turbine with the J-shaped aerofoils with 

different numbers of the opening ratios, in terms of the performance at low and high  values, and 

the dynamic start-up behaviour under the freestream wind speed of 𝑉∞ = 5𝑚/𝑠. The same turbine 

features were studied as in the validation study, i.e., with a conventional aerofoil NACA0018, the 

turbine radius of 𝑅 = 0.375𝑚 and the blade chord length of 𝑐 = 0.083𝑚. Six opening ratios, 10%, 

20%, 30%, 40%, 60%, and 90%, located at the outer and inner surface of the aerofoil have been 

investigated. The schematic of the turbine with the original NACA0018 aerofoil profile (no cutting) 

and the aerofoils with six different opening ratios (OR) are investigated when the openings are 

located at the outer surface have been illustrated in Fig. 9.  
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Fig. 9. The schematic of the turbine and the aerofoils with six different opening ratios, namely 10%, 20%, 

30%, 40%, 60%, and 90%. 

 

4.1.1. Influence of the opening locations 

In this part of the study, the effect of the opening location on the turbine dynamic start-up behaviour 

have been investigated for the J-shaped aerofoils with the different opening ratios. Firstly, the J-

shaped aerofoil with the openings located at the outer surface has been considered. Fig. 10 

demonstrates the variation of the turbine tip speed ratio with the time for the turbine having the J-

shaped aerofoil with different opening ratios considering the openings located at the outer surface. 

As can be observed in the figure, with the increase in the opening ratio, the start-up time reduces, 

while the tip speed ratio at the final steady-state decreases. However, the turbine with the original 

aerofoil profile and the J-shaped aerofoil with a 10% opening ratio cannot escape the plateau stage 

and fail to start. It is suggested that the reason that caused this situation is as a result of the negative 

torque generated at the critical tip speed ratio range, which is the tip speed ratio less than 1.  
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Fig. 10. Variation of the tip speed ratio with the time for the turbine having the J-shaped aerofoils with 

different openings located at the outer surface. 

 

Furthermore, in order to fully understand the effect of the opening ratio on the turbine dynamic 

start-up behaviour, the J-shaped aerofoils with the openings located at the inner surface have been 

also investigated. Fig. 11 presents the variation of the tip speed ratio with the time for the turbine 

having the J-shaped aerofoils with different openings located at the inner surface. Clearly, the 

turbine with the J-shaped aerofoil with the larger and smaller openings do not provide the self-

starting ability, but the opening ratios of 30-40% do assist the turbine to self-start and they reach 

the same final speed as when the opening is in the outer side but take a much longer time.  
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Fig. 11. Variation of the tip speed ratio with the time for the turbine having J-shaped aerofoils with 

different openings located at the inner surface. 

 

It can be concluded that the turbine with the J-shaped aerofoil with the openings located at the inner 

surface does not appear to bring any benefit and makes the choice of the inner profiles unreasonable 

compared with the outer surface. For this reason, the J-shaped aerofoil with the openings located 

at the outer surface will be employed in the further investigations. 

4.1.2. The effect of the opening ratios on the turbine torque generation 

The turbine torque coefficient at several tip speed ratios considering the different openings has 

been analysed under the freestream wind speed of 5𝑚/𝑠 for the outer surface opening. For this 

purpose, four  values, such as =0.5, =1, =2.5, and =3.5, which are corresponding to the low 

 and relatively high , have been selected in order to demonstrate the effect of the J-shaped 

aerofoils under various turbine operating conditions. The torque coefficients obtained at the 

selected  values have been presented in Fig. 12 as a function of the tip speed ratio. The figure 

illustrates that the J-shaped aerofoil with different opening ratios shows different aerodynamic 

characteristics at low and relatively high  regions. Therefore, in order to provide a comprehensive 

understanding of the influence of the J-shaped profile with different opening ratios on the turbine 

torque generation, the low and high  regions should be evaluated separately. 
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Fig. 12. Variation of the torque coefficient with the tip speed ratio for different opening ratios. 

 

At the low  region in which  = 0.5 and  = 1, the turbine with the original aerofoil (no cutting) 

and 10% opening ratio produces negative torque, which results in the failing to self-start, as shown 

in Fig. 12. On the other hand, the generated torque increases with the increase in the opening ratio, 

but the one with a 90% opening ratio has a noticeably larger amplitude at both investigated  values, 

which is beneficial to the turbine self-starting ability. It is also observed that increasing the torque 

coefficients at the low  values are not linear with respect to the increasing in the opening ratios.  

Further investigations on the variation on the instantaneous torque coefficient of a single blade with 

the azimuthal angle for different opening ratios when  = 0.5 and  = 1  have been plotted in Fig. 

13. This investigation provides more specific information on the effect of the opening ratios 

regarding the upstream and downstream part of the turbine to further understand the instantaneous 

torque loss caused by the opening. Although there is no clear difference observed between the J-

shaped aerofoils with different openings in the downstream part (180° < θ < 360°) of the turbine, 

the instantaneous torque coefficient appears to increase with the increase in the opening ratio in the 

upstream part (0° < θ < 180°) of the turbine at both tip speed ratios investigated. That is the 

reason why the turbine with the J-shaped aerofoil with a larger opening ratio produces a much 

greater torque than the turbine with the smaller opening ratios at these tip speed ratios (see Fig. 12).  
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Fig. 13. Variation of the instantaneous torque coefficient with the azimuthal angle for different opening 

ratios at  = 0.5 and  = 1. 

 

Furthermore, at the relatively high  region in which  = 2.5 and  = 3.5 (see Fig. 12), the J-

shaped aerofoil demonstrates different aerodynamic behaviour. At  = 3.5, the turbine torque 

coefficient gradually decreases with the increase in the opening ratios. The result of this 

investigation shows that although the increasing opening ratio increases the possibility of the 

turbine self-starting, due to the generated high torque at the low  values, it may cause a large 

penalty on the generated torque at the high tip speed ratios. On the contrary, at the optimum tip 

speed ratio of  = 2.5, where the turbine generates a highest torque, the turbine with the J-shaped 

aerofoil with a 20% opening ratio generates the highest torque coefficient compared to the other 

cases. The reason behind this situation might be explained by looking at the aerodynamic behaviour 

of the turbines investigated. Therefore, a comparison between the different opening ratios in terms 
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of the lift and drag coefficients has been presented in Fig. 14 at  = 2.5. As it can be seen in the 

figure, even though there is no significant difference observed in the downstream part of the 

turbine, except the 90% opening ratio, the lift coefficient increases with the increase in the opening 

ratios in the upstream part of the turbine. On the contrary, it is clear that the drag coefficient 

increases with the increase in the opening ratios in both the upstream and downstream part of the 

turbine, which causes a significant reduction on the overall performance.  

 

Fig. 14. Variation of the lift and drag coefficients with the angle of attack for the different opening ratios 

at  = 2.5. 

 

A further comparison between the J-shaped aerofoil with the original profile and a 20% opening 

ratio in terms of the lift and drag force coefficients has been presented in Fig. 15 in order to better 

understand why the turbine with the J-shaped aerofoil with a 20% opening ratio produces a higher 

torque coefficient compared to the original profile. As it can be seen in the figure, although both 

aerofoils exhibit a similar pattern in the lift coefficient in the downstream part of the turbine, the J-

shaped aerofoil with 20% opening ratio generates a greater lift force coefficient than that of the 

original profile at almost all the angles of attacks in the upstream part of the turbine. In contrast, 

regarding the drag force coefficient in the positive angles of attack region, the J-shaped aerofoil 

procures a higher drag in the region where the angle of attack increases from 0° to the maximum 

angle of attack (23.57°) while the original profile generates a higher drag in the region where the 

angle of attack decreases from the maximum angle of attack (23.57°) to 0°. This leads to a similar 

drag force generation in the upstream part of the turbine. This is the reason why the turbine with J-

shaped profile with a 20% opening ratio produces a slightly higher torque coefficient compared to 

the original aerofoil profile at the  = 2.5. 
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Fig. 15. Comparison between the J-shaped aerofoil with the original profile (no cutting) and a 20% opening 

ratio considering the lift coefficient and drag force coefficient at  = 2.5. 

 

To further explore the loss of overall efficiency at the high  values when the J-shaped aerofoils 

are employed, the variation of the blade instantaneous torque coefficients with the azimuthal angle 

for the aerofoils investigated at  = 2.5 and  = 3.5 have been illustrated in Fig. 16. At  = 2.5, 

although the magnitude of the instantaneous torque coefficient increases with the increase in the 

opening ratio in the upstream part of the turbine, the loss of the instantaneous torque coefficient 

significantly increases along the entire downstream part of the turbine when the opening ratio 

increases. However, at  = 3.5, the difference on the instantaneous torque coefficients generated 

by the aerofoils investigated in the upstream part of the turbine decreased, but the J-shaped aerofoil 

with a 90% opening still produces a much greater torque coefficient at the azimuthal position 

between 60° and 150°. Conversely, regarding the downstream part of the turbine, the blade 

instantaneous torque coefficient significantly decreases with the increase in the opening ratio. 

Therefore, this is the reason why the turbine with the original aerofoil profile is able to produce a 

much greater torque at the high tip speed ratio regions.  
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Fig. 16. Variation of the instantaneous torque coefficient with the azimuthal angle for different opening 

ratios at  = 2.5 and  = 3.5. 

Fig. 17 shows the pressure coefficient contours at the vicinity of the aerofoils at different positions 

for the original aerofoil and its J-shaped profiles with 40% and 90% opening ratios. These contours 

have been obtained at the tip speed ratios of 1 and 2.5. Since the pressure distribution over the 

pressure and suction sides of the investigated aerofoils demonstrate the similar characteristics at 

=1, the instantaneous torque coefficients produced by the aerofoils investigated in both upstream 

and downstream parts of the turbine (at the azimuthal angle of 120 and 240) have a similar value 

(see Fig. 13). However, at =2.5, in the upstream part of the turbine (θ = 120), the pressure 

difference between the pressure and suction sides of the aerofoils increases with the increase in the 

opening ratio, which leads to a higher instantaneous torque coefficient for the turbine with a 90% 

opening ratio. Furthermore, at =2.5, in the downstream part of the turbine (θ = 240), this 

pressure difference decreases with the increase in the opening ratio, which results in a lower, even 
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negative instantaneous torque generation (see Fig. 16). Due to the higher amount of negative torque 

generated at the downstream part of the turbine when the largest opening employed (90%), the 

overall turbine torque generation dramatically decreases (see Fig. 12).  

 

Fig. 17. The contours of pressure coefficient at the  of 1 and 2.5 for original aerofoil and its J-shaped 

profiles with 40% and 90% opening ratios. 
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4.1.3. Contributions of lift and drag to turbine torque generation 

Various  values, such as 0.5, 1, 2.5, and 3.5, have been selected in order to study the contribution 

of the lift and drag to the torque generation of the turbine. Despite the fact that H-type VAWTs are 

called the lift-based turbine, the drag force may have a favourable impact on turbine torque output 

when  is less than 1 [22]. The J-shaped aerofoil with different opening ratios is expected to 

contribute more positive drag to the torque generation compared to the original aerofoil profile. 

Therefore, in the present investigation, the original aerofoil profile (no cutting) and the J-shaped 

aerofoil with a 90% opening ratio have been selected due to the fact that the difference on the 

aerodynamic behaviour of these aerofoils is quite distinct. 

Fig. 18 demonstrates the variation of the lift and drag force contributions to the turbine torque 

generation with the azimuthal angle for the original aerofoil profile and the J-shaped aerofoil with 

a 90% opening ratio at  = 0.5 and  = 1. At  = 0.5, as can be observed in the figure, at the 

particular azimuthal angles of the entire revolution, especially between 120° and 240°, the lift force 

is not only main-driven force for the turbine, but also the drag force assists the turbine torque 

generation. In most of the azimuthal angles of the upstream part of the turbine, the positive lift 

contribution obtained from the J-shaped aerofoil with a 90% opening ratio is more significant than 

that of the original aerofoil profile, while the region of the positive drag contribution obtained from 

the J-shaped aerofoil with a 90% opening ratio is higher than that of the original aerofoil profile. 

This situation results in a much more positive net torque generation from the turbine with the J-

shaped profile with a 90% opening ratio (see Fig. 12).  

As the tip speed ratio approaches 1, the drag force's positive contribution reduces. However, at  =1, the J-shaped aerofoil with a 90% opening ratio still produce a higher positive lift force 

contribution at most of the azimuthal angles compared to the original aerofoil profile, while the 

negative drag force contributions appear to be similar for both aerofoils. That is the reason why the 

turbine with the J-shaped aerofoil with a 90% opening ratio generates a higher average turbine 

torque (see Fig. 12), which is beneficial to the turbine self-starting capability.  
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Fig. 18. Variation of the contribution of lift and drag to the torque generation with the azimuthal angle for 

the original aerofoil profile and the J-shaped aerofoil with a 90% opening ratio at  = 0.5 and  = 1. 

 

The contributions of the lift and drag forces of the original aerofoil profile and the J-shaped aerofoil 

with a 90% opening ratio at  = 2.5 and  = 3.5 have been plotted in Fig. 19. As can be observed 

in the figure, the J-shaped profile with a 90% opening ratio provides a much greater positive lift 

contribution in the upstream part of the turbine, while the positive lift contribution of the original 

aerofoil profile is more significant in most of the azimuthal angles of the downstream part of the 

turbine at both tip speed ratios. In addition, regarding the negative drag contribution, the J-shaped 

aerofoil with a 90% opening ratio always produces a much greater negative drag contribution to 

the turbine torque generation at both  values. This situation results in a lower overall performance 

of the turbine with the J-shaped aerofoil with a 90% opening ratio compared to the original aerofoil 

profile at high  values.  
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Fig. 19. Variation of the contribution of lift and drag to the torque generation with the azimuthal angle for 

the original aerofoil profile and the J-shaped aerofoil with a 90% opening ratio at  = 2.5 and  = 3.5. 

 

4.2. Influence of the design parameters 

4.2.1. Aerofoil profile  

In the present section, four typical aerofoils generally used for H-type VAWT and their J-shaped 

profiles with different opening ratios have been investigated and compared in terms of the dynamic 

start-up behaviour. The aerofoil profiles investigated are as follows: 

• NACA0012 and NACA0018 are the typical symmetrical NACA00xx series aerofoils and 

most widely used profiles for the H-type VAWT applications [55–57]. The purpose of choosing 

these two different profiles is to observe the effect of the aerofoil thickness with and without 

openings on the turbine self-starting behaviour.  



27 

 

• NACA2518 and NACA4518 are the cambered series of the NACA0018 aerofoil, which 

have the maximum camber of 2% and 4%, respectively, at 50% of the chord. As suggested by 

Kirke and Lazauskas [13] the cambered aerofoils may be able to demonstrate a better turbine 

performance, especially during the start-up period.  

• Additionally, to fully examine the influence of the cambered aerofoils on the turbine self-

starting, the reversed versions of these cambered aerofoils have been employed to the turbine blades 

considering the different opening ratios.  

All investigations and comparisons have been performed by using the selected aerofoils with no 

cutting, 30%, 60%, and 90% opening ratios applied to the aerofoil’s outer surface. Additionally, 

the concave side is the outer side of the NACA2518 and NACA4518, while that of the inner side 

for their reversed versions. The rotor radius and chord length have been chosen as 𝑅 = 0.375𝑚 

and 𝑐 = 0.083𝑚, respectively, and the freestream wind speed was 𝑉∞ = 5𝑚/𝑠. 

Fig. 20 (a) illustrates the variation of the tip speed ratio with the time for the thinner aerofoil 

NACA0012 considering the different opening ratios. As can be seen in the figure, NACA0012 

aerofoil with no cutting, 30%, and 60% opening ratios have given the worse self-starting 

performance; only the aerofoil with the highest opening ratio, OR = 90%, tested is able to escape 

the plateau stage and reach the final steady-state condition. Furthermore, the NACA0018 J-shaped 

profile with the 30%, 60%, and 90% opening ratios demonstrate fully self-start characteristics. 

Although the start-up time decreases with the increase in the opening ratio, the final tip speed ratio 

in the steady-state condition decreases with the increase in the opening ratio (see Fig. 20 (b)). The 

findings reveal that the thicker aerofoil NACA0018 with even a shorter opening ratio, such as 30%, 

is able to self-start compared to the relatively thinner aerofoil NACA0012. It is also important to 

note that even though NACA0012 J-shaped aerofoil with a 90% opening ratio demonstrates a 

slower start-up characteristic compared to the NACA0018 aerofoil with a 90% opening ratio, its 

final tip speed ratio in the steady-state condition is much greater than that of the NACA0018 

aerofoil. Nevertheless, the results indicate that the blade operating with the thicker aerofoil provides 

a much better self-starting characteristic with a wider range of the opening ratio at a tested 

freestream wind speed of 5𝑚/𝑠.  
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Fig. 20. Variation of the tip speed ratio with the time for NACA0012, NACA0018 and their J-shaped 

aerofoils for different opening ratios. 

 

Fig. 21 illustrates the variation of the tip speed ratio with the time for the cambered aerofoil 

NACA2518 and its reversed version considering the different opening ratios. Fig. 21 (a) 

demonstrates that although the turbine with NACA2518 J-shaped profile with 60% and 90% 

opening ratios is able to self-start, the turbine with NACA2518 J-shaped profile with no cutting 

and 30% opening ratio fails to self-start. Furthermore, regarding its reversed version, the turbine 

with NACA2518 reversed aerofoil has also the self-starting capability even with a 30% opening 

ratio (see Fig. 21 (b)). With regards to the turbine’s final tip speed ratio in the steady-state condition, 

the turbine with original NACA2518 and its reversed version having the opening ratio of 60% and 

90% reach the steady-state condition at almost the same final tip speed ratios. However, although 

the start-up time of the turbine with NACA2518 reversed with a 90% opening ratio is much longer 

than that of the original NACA2518, the NACA2518 reversed aerofoil has a higher final tip speed 

ratio.  
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Fig. 21. Variation of the tip speed ratio with the time for NACA2518, NACA2518-reversed and their J-

shaped aerofoils for different opening ratios. 

 

Finally, the relatively high cambered aerofoil NACA4518 and its reversed version have been 

investigated and compared in Fig. 22. As seen in Fig. 22 (a), the use of the highly cambered aerofoil 

NACA4518 with the different values of the opening ratios, does not exhibit a remarkable self-

starting characteristic, except the highest opening ratio, 90%, compared to the other opening ratios. 

On the other hand, its reversed version with 60% and 90% opening ratios are still able to escape 

the plateau stage and reach to their steady-state conditions (see Fig. 22 (b)).  

 



30 

 

 

Fig. 22. Variation of the tip speed ratio with the time for NACA4518, NACA4518-reversed and their J-

shaped aerofoils for different opening ratios.  

 

In conclusion, the results obtained from the analyses of the effect of the aerofoil profile with and 

without an opening on the turbine dynamic start-up behaviour are summarised in Table 2. As can 

be observed in the table, NACA0012, NACA4518 and their J-shaped profiles do not appear to 

bring a significant benefit compared to the NACA0018 aerofoil and its J-shaped profiles. The 

results of this investigation also show that the turbine with all the aerofoil profiles investigated with 

a 90% opening ratio can escape the plateau stage and reach its steady-state condition; however, the 

original aerofoils, which have no cutting on the surface, cannot self-start at the tested upstream 

wind speed of 5𝑚/𝑠.  

The findings of the current study also suggest that even though the thinner aerofoil NACA0012 

can exhibit a higher final tip speed ratio at the steady-state condition when a 90% opening ratio is 

applied, the thicker aerofoil NACA0018 provides a better self-starting characteristic with a wider 

range of the opening ratio compared to the thinner aerofoil NACA0012. These results are consistent 

with those of the other studies and suggest that the thicker aerofoils are able to enhance the turbine 

performance, in particular at the low  values, which may lead to improve the self-starting 

capability [13,55,58]. 

The most obvious finding to emerge from this study was that the reversed versions of the cambered 

aerofoils investigated demonstrate a better self-starting capability compared to their original 

profiles. However, in comparison with the thicker aerofoil NACA0018 and its J-shaped profiles, 
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the original and reversed cambered aerofoils do not show any improvement on the self-starting 

capability when the start-up time and final tip speed ratio are taken into account. 

 

Table 2. The comparison of the self-starting capabilities of the aerofoils investigated in terms of the self-

starting time and final tip speed ratio. 

 

 

4.2.2. Pitch angle 

The active pitch control mechanism can enable the turbine blades to produce the optimum torque 

at the low tip speed ratio regions, which results in a better turbine power output and self-starting 

ability [59]. However, due to the fact that the small-scale H-type VAWT has been considered in 

the present study, the active pitch control mechanism is not taken into account due to its complexity 
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and it being economically not viable. Instead of the active pitch control, another alternative way to 

change the aerodynamics of the blades during a complete revolution is to utilize the fixed pitch 

angle and its impact on the turbine dynamic start-up behaviour will be investigated numerically. 

The numerical investigations have been performed at the seven values of the fixed pitch angles, 

which are -8°, -4°, -2°, 0° (no pitch), 2°, 4° and 8°, and the definition of the pitch angle for the 

current investigation is shown in Fig. 23. The aerofoil profiles used in the present study are the 

conventional aerofoil NACA0018 and its J-shaped profiles with 30%, 60%, and 90% opening ratios 

with a rotor radius 𝑅 = 0.375𝑚 and blade chord length 𝑐 = 0.083𝑚. The upstream free wind 

speed was 𝑉∞ = 5𝑚/𝑠.  

 

 

Fig. 23. The definition of the pitch angle used in the current study. 

 

Fig. 24 presents the variation of the tip speed ratio with the time for the different values of the fixed 

pitch angles considering the conventional aerofoil NACA0018 and its J-shaped profiles with 30%, 

60%, and 90% opening ratios. Using the conventional aerofoil NACA0018, Fig. 24 (a) shows the 

influence of varied fixed pitch angle values on turbine self-starting performance. As it can be seen 

in the figure that the conventional aerofoil with all the fixed pitch angles investigated cannot assist 

the turbine to self-start and the value of the final tip speed ratio reduces with the most negative 

value of the pitch angle. At the opening ratio, OR = 30%, (see Fig. 24 (b)), the turbine with the 

blade pitch angles of 𝛽 = 2° and 𝛽 = 4° improve the turbine self-starting performance in terms of 

the turbine start-up time compared to pitch angle of 𝛽 = 0°. However, the results reveal that a 
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positively further increase in the pitch angle does not help the turbine to self-start if the 30% 

opening ratio is employed. Moreover, regarding the negative pitch angles, the self-starting 

behaviour gets worse at all the negative pitch angles investigated. Concerning the J-shaped profile 

with a 60% opening ratio (see Fig. 24 (c)), the positive pitched blades are able to enhance the 

turbine self-starting capability compared to the negative pitched blades. In addition to this, although 

the turbine with the blade pitch angles of 𝛽 = 2° and 𝛽 = 4° reaches the steady-state condition at 

almost the same final tip speed ratio as the blade without a pitch angle, the blade with the blade 

pitch angles of 𝛽 = 4° shows a faster start-up time. However, the turbine with the most positive 

pitch angle (𝛽 = 8°) significantly degrades the turbine final tip speed ratio. At the opening ratio, OR = 90%, the advantages and disadvantages of the pitch angle become much more obvious. As 

can be observed in Fig. 24 (d), the turbine self-starting time decreases with the changing the blade 

pitch angle from 𝛽 = 2° to 𝛽 = 8°. Unlike the effect of the negative pitched angles on the turbine 

self-starting behaviour with 30% and 60% opening ratios, by employing a slightly negative pitched 

blade of 𝛽 = −2° also shows an improved self-starting performance in terms of the final tip speed 

ratio at the steady-state condition. However, with this slightly negative pitch angle, the turbine self-

starts much later, and a much slower turbine acceleration can be observed during the plateau stage.  
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Fig. 24. Variation of the tip speed ratio with the time for different values of the fixed-pitch angles 

considering the conventional aerofoil NACA0018 and its J-shaped profiles with 30%, 60%, and 90% 

opening ratios. 

 

A further study has been conducted by investigating at the instantaneous torque coefficients for the 

different pitch angles using the J-shaped aerofoil with 90% and 60% opening ratios at the tip speed 

ratio of  = 1.6 and  = 3.38, respectively. For the J-shaped aerofoil with a 90% opening ratio at 

 = 1.6 (Fig. 25), where the blade still experiences the dynamic stall, the peak torque coefficients 

for 𝛽 = 8°, 𝛽 = 4°, 𝛽 = 2°, 𝛽 = 0°, and 𝛽 = −2° have been obtained at 𝜃 = 89.4°, 𝜃 = 85.8°, 𝜃 = 82.4°, 𝜃 = 78°, and 𝜃 = 75.7°, respectively. The positive pitch angles successfully delay the 

stall and enable the blade to produce more torque for a greater portion of the azimuthal angle. 

However, the blade performance in the downstream part of the turbine significantly decreases by 
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the large positive pitch angle. The pitch angle of 𝛽 = 8° produces a negative torque in the azimuthal 

angles between 𝜃 = 200° and 𝜃 = 360°, which offsets the positive contribution of the blade in the 

upstream part of the turbine and may lead to lower torque generation at all the start-up stages. With 

regards to the negative pitch angle 𝛽 = −2°, the stall occurs earlier than 𝛽 = 0° at 𝜃 = 75.7° as 

shown in Fig. 25. Although the negative pitch angle yields better blade performance in the 

downstream part of the turbine, the much deteriorated torque generation has been obtained in the 

upstream part, which may result in a much slower turbine acceleration during the plateau stage (see 

Fig. 24 (d)).  

    

Fig. 25. Variation of the instantaneous torque coefficient with the azimuthal angle for different pitch angles 

using the J-shaped aerofoil with 90% opening ratio at the tip speed ratio of  = 1.6. 

 

Furthermore, Fig. 26 illustrates the instantaneous torque coefficient for the J-shaped aerofoil with 

a 60% opening ratio at  = 3.38, where the blade no longer experiences stall. Compared to 𝛽 =0°, while the positive pitch angle, such as 𝛽 = 2° or 𝛽 = 4°, enhances the torque generation in the 

downstream part of the turbine, the overall torque coefficients are almost the same due to the 

reduced torque efficiency in the upstream part of the turbine. Therefore, the turbine with 𝛽 =4°, 2°, and 0° reaches the steady-state condition at almost the same final tip speed ratio (see Fig. 

24 (c)).  
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Fig. 26. Variation of the instantaneous torque coefficient with the azimuthal angle for different pitch angles 

using the J-shaped aerofoil with 60% opening ratio at the tip speed ratio of  = 3.38. 

 

Since the majority portion of the torque is produced by the blade in the upstream part of the turbine, 

a positive pitched blade can delay the blade stall and assist the blade generates more torque over a 

greater portion of the upstream part of the turbine at the low  values. This delayed stall is 

responsible for the improved turbine performance measured at the low  values, which might be 

beneficial for the turbine to enhance the self-starting capability. However, the highly negative 

torque produced in the downstream part of the turbine may provide a negative contribution to the 

overall torque generation, which is not desirable for the turbine self-starting (e.g. 𝛽 = 8°). With the 

increase in the tip speed ratio, the blade angle of attack variation is significantly reduced and above 

a critical tip speed ratio, the blade no longer experiences stall during the complete turbine 

revolution. In terms of the relatively high tip speed ratios, a positive pitch angle decreases the blade 

angle of attack in the upstream region resulting in less torque produced. On the contrary, this 

positive pitch angle also increases the blade angle of attack in the downstream part of the turbine; 

therefore, the blade is able to capture the high possibility of the torque generated compared to the 

blade with no pitch. 

In a conclusion, the findings in this section reveal that the pitch angle has a different effect 

depending on the J-shaped aerofoil with the different value of the opening ratios. Although the 

pitched J-shaped aerofoil has mixed effects on the turbine performance in different tip speed ratios, 

the J-shaped turbine with a slightly positive pitched blade (𝛽 = 2°) clearly illustrates a better start-

up time in all cases investigated and a similar final tip speed ratio value at the steady-state condition 

compared to the 𝛽 = 0°. On the contrary, the negative pitch angles do not bring any benefits with 
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the J-shaped aerofoil, except the turbine with 90% opening ratio J-shaped aerofoil with a slightly 

negative pitch angle (𝛽 = −2°). In addition, a too large negative pitch angle, such as 𝛽 = −4° 

and 𝛽 = −8°, prevents the turbine from self-starting in all the cases investigated.  

5. Conclusion 

In the present study, a three bladed H-type VAWT with original aerofoils and their J-shaped 

profiles having a different number of the opening ratios have been analysed to evaluate the impact 

of an aerofoil with and without openings on the turbine performance. This study focuses on the 

self-starting performance and overall efficiency of the turbine with J-shaped profiles considering 

the dynamic start-up model, which has not been used in the previous studies. The information 

provided from the present study can be applied to a small-scale VAWT design having the J-shaped 

aerofoil in order to enhance the self-starting ability and also reduce performance loss occurred at 

the high turbine speed regimes. 

According to the numerical results obtained in the current study, several important conclusions and 

recommendations can be drawn:  

• The investigations presented here strongly recommended that although the torque 

coefficient versus tip speed ratio curve is able to provide an indication of the self-starting 

performance according to the torque generation at the low  values, a further analysis, namely the 

turbine dynamic start-up curve, is required in order to fully understand the self-starting process of 

the turbine having the J-shaped aerofoils. 

• The turbine with the J-shaped aerofoil having the openings located at the inner surface does 

not appear to bring any benefit and makes the choice of the inner profiles unreasonable compared 

with the outer surface. 

• The effect of the J-shaped aerofoil with different opening ratios, which are located at the 

outer surface, may differ depending on the tip speed ratio. For instance, the largest opening ratio, 

which is the 90% in the present study, has a better performance at the low tip speed ratios, while 

the original aerofoil profile (no cutting) has the better performance at the higher tip speed ratio. 

Therefore, the selection of the optimum opening ratio completely depends on the purpose of the 

turbine. If a good self-starting performance is required, then the largest opening ratio should be 

preferred but there is a larger penalty at the higher tip speed ratios, and this must be considered.  

• The turbine with the original aerofoil profile and the J-shaped aerofoil with a 10% opening 

ratio is not able to accelerate and escape the plateau stage due to the negative torque generation at 

the critical range of the tip speed ratio (e.g., 0.5 <  < 1.5). 
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• Among the six different aerofoil profiles that have been investigated, the worst self-starting 

performance has been obtained by the thinner aerofoil NACA0012 and the highly cambered 

aerofoil NACA4518. However, the thicker aerofoil NACA0018 and cambered NACA218-reversed 

have been demonstrated to be a good choice for the H-type VAWT from the point of view of the 

self-starting characteristics. In addition, the reversed version of the cambered aerofoils investigated 

demonstrate a better self-starting capability compared to their original profiles. 

• The turbine with the J-shaped aerofoil having a slightly positive pitch angle (𝛽 = 2°) 

clearly illustrates a better start-up capability in all cases investigated and a similar final tip speed 

ratio value at the steady-state condition compared to the 𝛽 = 0°. However, the negative pitch angles 

do not bring any benefits to the H-type VAWT with the J-shaped aerofoil.  
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Nomenclature  

Cd  Drag coefficient [-] 

Cl Lift coefficient [-] 

Ct Torque coefficient [-] 

Fd Drag force [N] 

Fl Lift force [N] 

R Radius of the turbine [m] 

Tres Resistive torque [N.m] 

Tw Wind torque [N.m] 

OR Opening ratio over aerofoil surface [-] 

Vꝏ Free stream wind velocity [m/s] 

 Angle of attack [] 

             Blade pitch angle [] 

             Azimuthal angle [] 

  Tip speed ratio [-] 

I Turbine moment of inertia [kgm²] 𝜔 Rotational speed of the turbine [rad/s] 

 

𝛼 𝛽 𝜃 
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Appendix  

The following is the UDF code that includes the physical properties such as turbine mass, moment 

of inertia, and resistive torque (if available) has been employed in the 2D CFD simulations to 

calculate the turbine rotational speed. The moment of the inertia of the turbine has been calculated 

depending on the per unit span. 
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