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Abstract 
Analyzing and predicting the flow field and aerodynamic performance of H-type vertical axis wind turbine 

(VAWT), and attaching importance to the phenomenon of dynamic stall, can improve its adaptability to high-

turbulence complex cities and remote areas far away from the power grid. According to the structural 

characteristics of the H-type vertical axis wind turbine, the blade element is subjected to force analysis by using 

the blade element-momentum theory. The power coefficients of the VAWT are compared and analyzed between 

computational fluid dynamics (CFD) simulations and wind tunnel experiment to estimate the validity of 

simulation results. This study focuses on the associated feature of flow field and aerodynamic characteristics of 

H-type VAWT under different tip speed ratios (TSRs). As a result, the dynamic stall directly affects the 

aerodynamic performance of VAWT at low TSR, which results in lower power output of blades. Th better 

mechanical property of VAWT is occurred at high TSR, that has similar instantaneous pressure distributions on 

blades surface and the aerodynamic forces of the rotor shaft. The above research work provides the calculation 

model and theoretical basis for predicting flow field and improving aerodynamic performance of wind turbine. 
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I. INTRODUCTION 

With the rapid growth of economic growth and energy consumption, fossil energy is gradually reduced, 

which forces governments around the world to vigorously develop alternative clean energy [1, 2]. As a clean, 

economical, sustainable and abundant renewable energy source, wind energy has been favored by governments 

and large energy companies [3]. Therefore, the research into improving the overall performance of wind 

turbines has become a hot research field [4, 5].  

In recent years, the application of Vertical Axis Wind Turbine (VAWT) in cities and remote mountain 

areas has attracted more and more attention [6]. H-type VAWTs can work downward in different incoming 

wind, have higher adaptability and low noise level to turbulent or oblique flow, in which has better adaptability 

and output characteristics than HAWT [7]. At present, it is still a research hotspot in this field to explore the 

regularity of flow field and aerodynamic characteristics of specific airfoil under different geometric parameters 

and seek to improve VAWT power performance [8, 9].  

At present, wind tunnel experiment and numerical simulation are the main methods to study the flow 

field and aerodynamic characteristics of wind turbines [10-12]. Li Q et al. used wind tunnel and simulation to 

predicting aerodynamic loads and performance of a straight-bladed VAWT [13, 14]. The winglet for vertical 

axis wind turbines was designed to decrease the tip vortex in the flow field based on experiment and CFD 

approach [15]. Elkhoury M et al. assessed the effects of inlet velocity, turbulence intensity, airfoil profile and 

variable-pitch on the performance of the VAWT by experimental and numerical investigation [16]. Li Q et al. 

used flow tube method and LDV test method to find that the energy absorbed by the wind turbine mainly comes 

from the work done by the blades in the upstream domain, meanwhile, the data indicated that the increase of 

Reynolds number can improve the power performance of the wind turbine [17]. It can be found by wind tunnel 

experiment that high turbulence is conducive to rapid wake recovery, and the change of turbulence intensity has 

little influence on the output power at low tip speed ratio TSR [18]. 

In the process of numerical simulation of VAWTs, the mesh quality, the time step and the turbulence 

intensity have caused significant differences in the flow field distribution and output characteristic predicting, 

which if not considered the problem all sidedly could lead to unreliable analysis result [19, 20]. Almohammadi 

K et al. studied the influence of wall conditions, mesh shape and time step on the calculation results of wind 
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turbine in CFD, and found that quadrilateral mesh has higher accuracy [21]. A sliding mesh was employed to 

research the interaction between aerodynamic characteristics and flow separation, and power and torque 

considering the rotational effect of the blades [22, 23]. Wekesa DW et al. used a steady wind simulation model 

to predict the power performance for the VAWTs [24, 25]. By means of CFD simulation and design 

modifications, it could be found the straight-bladed VAWTs with symmetrical airfoil (NACA 0012, NACA 

0015) have better flow field and aerodynamic characteristics in results, such as lift force, velocity, and tangential 

force [26]. The performance of flow effects physics on blade tip, spanwise flow, support arm and rotor shaft 

were analyzed respectively with the help of CFD [27].      

In summary, researchers have achieved significant in the study of the influence of structural parameters 

and wind speed on the flow field and aerodynamic characteristics of the H-type VAWT. However, there are few 

studies on the influence of the flow field and aerodynamic characteristics of the blade section position on the 

torque and power performance of the of VAWTs at different TSRs. Therefore, the main purpose of this paper is 

to study the flow field and aerodynamic load of wind turbine blade section by using CFD simulations, reveal the 

associated feature of flow field and aerodynamic characteristics of H-type VAWT under different TSRs, and 

provide theoretical support for optimizing blade section parameters and improving VAWT power performance.  

 

II. H-type VAWT structure 

The H-type vertical axis wind turbine is mainly composed of wind wheel, power generation system, 

braking system and other auxiliary systems. As shown in Fig.1, the wind wheel is composed of blade, support 

arm and rotary shaft.  

 

Fig.1 H-type VAWT structure 

 

Because the H-type VAWT is of constant cross-section design, the blade of the wind turbine 

is divided into many equivalent micro-segments along the wingspan according to the blade element 

theory. As shown in Fig.2, the incoming wind speed U is from left to right, and the tip speed of blade 

V is the blade tangential velocity. The resultant flow velocityW is  

W=U+V（1） 

 

Fig.2 Blade force analysis 

The component Fx of the aerodynamic force in the x direction is the thrust force, and the component Fy 

in the y direction is the lateral force. Fx andFy are decomposed into the tangential force (FT) along the chord 

direction and the normal force (FN) perpendicular to the chord direction. Then  
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FT=Fysinθ-Fxcosθ，FN=-Fycosθ-Fxsinθ（2） 

The lift force (FL) direction of the wind turbine blade is perpendicular to the direction of the blade 

resultant flow velocity (W), and the draft force (FD) direction of the blade coincides with the direction of W, then 

FL=FTcosφ-FNsinφ，FD=-FTsinφ-FNcosφ（3） 

where φ is the angle of resultant flow velocity, the φ equals the angle of attack(α) plus is the blade pitch 

angle (β). 

In order to better describe the aerodynamic characteristics of the wind turbine blade, the 

abovementioned various loads are dimension processed to obtain the load factor as shown in Tab.1. 

Tab.1 Dimension load factor 

Load type Formula Load type Formula 

Tip speed ratio (TSR) λ=Rω/U0 Thrust coefficient CTH=Fx/0.5ρcHU0
2 

Normal force coefficient CN=FN/0.5ρcHU0
2 Tangential force coefficient CT=FT/0.5ρcHU0

2 

Lift coefficient CL=FL/0.5ρcHU0
2 Draft coefficient CD=FD/0.5ρcHU0

2 

Torque coefficient CQ=Q/0.5ρAU0
2R Power coefficient Cpower=Qω/0.5ρDAU0

3 

In Tab.1, ρ is the air density (kg/m
3
), U0 is the incoming wind speed (m/s), and R is the radius of 

gyration (R=D/2), ω is the angular velocity of rotor shaft (rad/s), ω is the wind wheel angular velocity (rad/s), A 

is the windward area of the wind turbine (A=DH, m
2
). 

 

III. Numerical model 
3.1 Physical Model 

This paper’s main purpose is to research on flow field and aerodynamic characteristics of H-type 

VAWT under different tip speed ratio. Thus, a small straight-bladed VAWT is researched, which is utilized in a 

published paper [14,17]. The basic parameters of the VAWT model are listed in Tab.2, and the rotor’s rotation 

direction and the blade’s rotation angle are provided in Fig.2.  

 

Tab.2 Parameters of H-type VAWT 
Parameter  Value Parameter  Value 

Blade airfoil  NACA0021 (Fig.3) Pitching angle (β)  6° 

Blade number (N)  2 Rotor diameter (D) 2.000 m 

Span length (H) 1.2 m Shaft diameter (d) 0.15 m 

Chord length (c) 0.265 m Shaft length (h) 1.2 m 

 

Fig.3 Airfoil of the test blade 

 

3.2 Computational domain & mesh setup 

In order to simulate the flow field and aerodynamic characteristics of the wind turbine, the 

structured grid approach is adopted for the simulations. The computational domain can be divided into 

a resting outer zone and a rotating inner zone, those sizes are presented in Fig.4(a) by the rotor 

diameter D and blade span H. In the present study, the diameter of the inner zone is 2D and its height 

is 1H. For the outer zone, its length is 20D in x-axis direction, its width is 10D in y-axis direction, 

while its height is 2H in z-axis direction. The gyration center of inner zone, is also the origin of 
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coordinate system, is defined at 5D to the velocity inlet boundary of upstream domain and 15D to the 

pressure outlet boundary of downstream domain.   

The mesh setup is completed in ANSYS ICEM CFD which contains components of meshing, 

calculating and post-processing. A variety of structured cells are employed in different zones. Fig.4(c) 

shows the prismatic boundary layer on the surface of the blades. Due to the large gradient of wind 

speed and pressure near the blades, the grid on the blade surface is densified to improve the 

calculation accuracy. The thickness of the first boundary layer is 0.02mm with a growth ratio of 1.25.  

A uniform velocity profile (U0=8m/s) is set as the inlet condition and the outlet boundary is 

considered as pressure outlet with zero relative pressure. The turbulence intensity is set as 1% and the 

value of turbulent length scale is 0.014mm in the inlet. The slip wall condition is assigned to the 

remaining four boundaries of the outer zone while the non-slip wall condition is assigned to blade and 

rotating shaft surfaces. The grid sizes and the number of grids of two zones in the contact interface 

must be guaranteed to be the same to exchange data efficiently and smoothly, in this way, which 

ensures the effectiveness of subsequent simulation analysis.  

 

(a) 3D view of the computational domain 

 

(b) Rotating domain grid(c) Blade surface boundary layer 

Fig.4 Plan view of the computational domain with sizes 

3.3 Solver setting 

When the wind turbine rotates stably, the air flow on the blade surface is separated, and the air flow 

velocity is lower than 0.3 Mach, which means airflows can be considered to be an incompressible gaseous fluid 

in computational domain. The Shear Stress Transport (SST) k-ω turbulence model, treating flexibly wall 

boundaries and stabilising efficiently results, is employed to deal with boundary layer flow and revise 

turbulence formula. Taking in account the unsteady implicit segregated flow model and solving the discrete 

differential equations, the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) is adopted to solve 

the problem of pressure-velocity coupling. When the residuals are equal to or lower than 10-3, the simulation 

schemes are confirmed deemed to be convergent.  

 

IV. Results and discussions 

4.1 Comparison of output characteristic    

The output characteristic of instantaneous torque coefficient (CQ) and power coefficient for 

single blade are discussed at different λ in this section. As shown in Fig.5(a), the change trend of the 
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three CQ curves are basically coincident over one revolution. The maximum value of CQare 0.37, 0.32 

and 0.30, for λ=1.38, 2.19 and 2.58, which occur respectively at azimuth angle θ=105°, 110° and 

115°. The maximum value occurs later during one rotational period when the tip speed ratio is larger. 

It can be found that the value of CQ at each azimuth angle creates smaller variations for λ=2.19 and 

2.58, which means that the torque of wind turbine changes significantly with the increase of tip speed 

ratio at U0=8m/s.  

 
(a) Torque coefficient                       (b) Power coefficient 

Fig.5 The instantaneous output characteristic for single blade  

 

In Fig.5(b), a comparison instantaneous power performance during one rotational period is 

conducted. The power coefficient for one blade are all presented as positive values when azimuth 

angle falls into the interval between [45°, 175°] in upstream domain and [220°, 345°] in downstream 

domain. For comparing the power curves at different λ, the tow peak values are distributed in the 

upstream and the downstream domain respectively, which are focused on the size and location of the 

peak. It is obvious in upstream domain that the sizes of peak power are 0.51 at θ=105°, 0.75 at 

θ=110°and 0.70 at θ=115° for λ=1.38, 2.19 and 2.58. Moreover, the sizes of peak power in 

downstream domain are 0.13 at λ=1.38, 0.245 at λ=2.19, 0.20 at λ=2.58, and the locations are 

θ=285°, θ=270°and θ=265°. The peak power in upstream domain occurs later with the increase of λ. 

Nevertheless, the peak power in downstream domain appears earlier when the λ is larger.  

 
4.2 Comparison of pressure distribution 

Pressure distribution contours on the surfaces f one blade are analyzed with Fig.6 at the 

position of θ=90° where the maximum difference value of peak torque coefficient occurs. When 

θ=90° in upstream, the airflow directly acts on the outer side of the blade, the leeward side is the 

suction side of the blade while the upwind side is pressure side. In Fig.6 (a), on the pressure side of 

the blade, the value of pressure increases sharply from -450Pa at the leading edge to 60Pa at the 

position of 0.15c and then keeps at 60Pa to the trailing edge. The pressure always keeps negative on 

the suction side of the blade at λ=1.38. The absolute value of pressure decreases from 650Pa at the 

leading edge to 120Pa at the position of 0.2c and keeps at 120Pa to the position of 0.8c, then 

decreases to 0Pa at the trailing edge. In terms of the rate of pressure change. The changing rate of 

pressure is large between the leading edge and the position of 0.15c while the rate becomes relatively 

small after that. In Fig.6 (b) and (c), the pressure on the suction side of blade always keeps negative 

while the pressure on the pressure side of blade always keeps positive. The pressure developing 

tendency of blade is very similar at between λ=2.19 and λ=2.58. On the pressure side of the blade at 

λ=2.19 and 2.58, the value of pressure decreases respectively from 120Pa and 150Pa at the leading 

edge to 60Pa at the position of 0.2c and then all keeps at 60Pa to the trailing edge. On the suction side 

of the blade at λ=2.19 and 2.58, the absolute value of pressure decreases gradually from 850Pa and 

600Pa at the leading edge to 0Pa at the trailing edge.  

 
4.3 Comparison of vorticity field 

As discussed above, when the profile of the blade is determined, the azimuth change leads to 

the variation of power coefficient and influences the vorticity field on the blade. the variation is not 

obvious and the small-scale vortices could not be captured very precisely. The vorticity fields of three 

cases at certain azimuthal angles interval 60°) are shown in Fig.7, that illustrates the tendency of 
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vorticity development around one blade. Thus, the variation of vorticity is not very detailed and some 

vortices are too small-scale to be shown very precisely.   

For λ=1.38, a large-scale separated vortex can be found on the outer side of blade and starts to 

slowly sheds at θ=0°. In the azimuth section [0°, 180°], the position of separated flow on the inner 

side moves from trialing edge to leading edge, and the moving direction of the air separation position 

on the inner side is exactly the opposite. A large-scale bound vortex occurs at the position of 0.3c on 

the inner side of blade and sheds from blade surface at θ=210°. A large- scale vortex is observed to 

form at the position of 0.4c on the outer side of blade surface at θ=270° and totally sheds from the 

blade surface at θ=330°. For λ=2.19 and 2.58, the trend of flow development is highly consistent at 

same azimuths. The growing vortex occurs in the outer side of blade surface towards the trailing edge 

at θ=0°and becomes extremely elongated at around θ=60°. The elongatedvortex starts to convert to 

the inner side at θ=90° and gets shorter at around θ=180°. In the azimuth section [180°, 330°], the 

growing elongatedvortex is always attached at the trailing edge of the blade, and the extension length 

of vortex in case of λ=2.58 is slightly longer than that in case of λ=2.19 at the same azimuth.  

 
 

 

(a) λ=1.38                     (b) λ=2.19                        (c) λ=2.58 

Fig.6 The pressure distribution on the surface of one blade at θ=90° (Unit: Pa) 
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λ=1.38 λ=2.19 λ=2.58 

Fig.7 Instantaneous contours of vorticity magnitude on the mid-span section of the blade VAWT 

 

4.4 Comparison of aerodynamic forces 

Fig.8 depicts the thrust coefficients (CTH) fluctuation for single blade as a variation of azimuth 

angle in three cases. As can be seen, the CTH fluctuations of three tip speed ratios have a similar 

tendency, and the values of the maximum thrust coefficient increase with the growth of tip speed 

ratio. The maximum thrust coefficients reach 1.58, 1.44 and 1.10 at λ=2.58, 2.19 and 1.38. 

Furthermore, at the region of [0°, 15°] and [180°, 195°], wind rotor passes the equilibrium position, in 

which incoming wind speed U and blade tangential velocity V have the opposite directions, the values 

of thrust coefficient are all close to 0 for three tip speed ratios.  

The fluctuations of tangential force coefficient have similar tendency of torque coefficient, 

thus that aren’t mentioned again in this section. The maximum absolute values of normal coefficient 

are generated at the azimuth angles 95°, 90° and 90° at λ=2.58, 2.19 and 1.38, and the values are 

12.12, 10.85 and 8.27, correspondingly. At the upstream region, the negative normal force occurs at 

azimuth angle [25°, 180°] in Fig.9, means that the direction of normal force points to the inside of the 

wind rotor.  

 

Fig.8 Thrust force coefficient for single blade            Fig.9 Normal force coefficient for single blade 

 

The evolutions of lift force coefficient for single blade are shown in Fig.10, those values are 

just opposite to normal force coefficient, meanwhile, the size and location of the 

maximumabsolutevalue of CLare similar to CN. The maximum CLare 12.11, 10.97 and 8.6 at λ=2.58, 

2.19 and 1.38, and the azimuth angles are angles 95°, 90° and 90°, correspondingly. Fig.11 depicts the 

fluctuation of drag force coefficient CD by azimuth angles at three tip speed ratios. The maximum CD 
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are all generated at upstream region at θ=90°, and the maximum CD reach 2.18 at λ=2.58, 2.04 at 

λ=2.19 and 1.77 at λ=2.58. Furthermore, the CD peak at upstream region, decreasing with increase of 

tip speed ratio, are reduced to 0.38 at θ=245°, 0.54 at θ=245°and 0.72 at θ=255° respectively.  

 

Fig.10 Lift force coefficient for single blade            Fig.11 Drag force coefficient for single blade 

 

V. CONCLUSION 

Based on CFD simulation technology, this paper analyzes the aerodynamic performance 

characteristics of linear wing vertical axis wind turbines under different blade tip speed ratios. Some 

conclusions are shown as follows.  

(1) The average power coefficient over one revolution for two blades are 0.051 and 0.116 for 

the TSRs of 1 and 1.38, respectively. And the maximum average power coefficient is 0.225 for 

λ=2.19. The dynamic stall occurs in a large azimuth angle at low TSRs, directly affects the flow field 

and aerodynamic performance of VAWT, which results in lower power output of blades. 

(2) Since the attack angle increases as the azimuth angle increases, the flow separation 

phenomenon on the blade surface also changes gradually, the maximum pressure difference occurs in 

the upper domain. So the power coefficient and the torque coefficient of wind turbine blade mainly 

are contributed in upstream.  

(3) The torque coefficient and the tangential force coefficient curve corresponding to the three 

kinds of tip speed ratios are basically the same, and the normal force coefficient, the lift resistance 

coefficient and the power coefficient curve corresponding to λ=2.19 and λ=2.58 are basically 

coincident, and λ= 1.38 corresponds to the extreme value. Th better mechanical property of VAWT is 

occurred at high TSRs, that has similar instantaneous pressure distributions on blades surface and the 

aerodynamic forces of the rotor shaft. 
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