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ABSTRACT 14 

A numerical study was carried out to investigate the effects of Micro-Vortex Generators 15 

(MVGs) on the aerodynamic performance of the NACA 0018 aerofoil and an H-type 16 

Darrieus wind turbine. MVGs can delay stall, which may occur for a sustained duration 17 

during turbine operation. The flow fields around a single aerofoil and the Vertical Axis 18 

Wind Turbine (VAWT) rotor are investigated. The purpose of the present work is to 19 

determine the best configuration of MVGs. In total, eight different configurations are 20 

studied. The results show that MVGs have significantly enhanced the lift of the aerofoil 21 

near the stall and improve the stall margin. The improved aerofoil design with MVGs 22 

installed at 20% chord length and 16º to the inlet flow with a rectangle shape has the 23 

maximum lift and stall angle. In addition, adding MVGs of the same configuration can 24 

significantly improve the power coefficient of the VAWT at high tip speed ratio, where 25 

it typically gives low power production. The flow separation is suppressed in the 26 

azimuth angle ranging from 120º to 135º, where the power output increase is observed 27 

showing potential impact for VAWT design.  28 

Keywords: Vertical axis wind turbine; Micro vortex generator; Aerofoil; Flow control; 29 

Lift; Stall   30 

                                                     List of symbols 31 

                                AoA                        angle of attack 32 

                                c                              aerofoil chord length 33 

                                CFD                        computational fluid dynamics                                                                  34 

                                𝐶𝐷                           drag coefficient 35 

                                𝐶𝑓                            skin driction coefficient 36 

                                𝐶𝐿                           lift coefficient 37 

                                𝐶𝑚                          moment coefficient 38                                     𝐶𝑝                           pressure coefficeint 39 

                                𝐶𝑃                           power coefficeint 40 

                                e                             length of micro vortex generator 41 

                                h                             height of micro vortex generator 42 

                                H                            height of turbine blade 43 

                                HAWT                   horizontal axis wind turbine 44 
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                                ILES                       implicit large eddy simulation 45 

                                LES                        large eddy simulation 46 

                                MVG                      micro vortex generator 47 

                                R                             radius of rotor 48 

                                    𝑅𝑒𝑐                        Reynolds number based on reference chord c 49 

                                 s                            distance to the trailing edge of vortex generator 50 

                                SVG                       smart vortex generators 51 

                                TSR                        tip speed ratio 52 

                          (U)RANS                unsteady Reynolds-averaged Navier–Stokes 53 

                                 V                            wind speed  54 

                                 VAWT                   vetical axis wind turbine 55 

                                 VG                         vortex generator 56 

                                 α                             angle of attack 57 

                                 β                             installed angle  58 

                                 ω                             rotor rotation speed    59 

                                 𝛿                             thickness of boundary layer 60 

                                 θ                              azimuth angle 61 

                                 𝜆                             tip speed ratio 62 

 63 

1 INTRODUCTION 64 

In recent years, wind energy through utility scale wind turbines account for large part 65 

in the total renewable power capacity worldwide [1].  Small wind turbines are widely 66 

used in various applications for power generation [2]. Among small wind power 67 

configurations, the vertical axis wind turbines (VAWTs) offer some unique advantages 68 

that horizontal axis wind turbines (HAWTs) do not have. They eliminate the 69 

dependence of power production on the incoming direction of the wind. In addition, 70 

they can tolerate a wider range of wind velocity and produce lower noise [3]. They also 71 

feature a simpler mechanical structure, which is easy to maintain and integrate with 72 

buildings [4].  However, VAWTs offer a relatively low power coefficient compared to 73 

traditional HAWTs. Hence, there is a strong interest to incorporate flow control 74 

techniques to improve the aerodynamic performance of VAWTs. 75 

Passive vortex generators (VGs) have been widely-used flow control devices for 76 

various aerodynamic applications, especially in the wind turbine industry, for many 77 

years and were firstly introduced by Taylor [5] [8]. He proposed a simple device 78 

installed in a diffuser, which consisted of a row of small plates projecting normal to the 79 

surface at an installed angle to the free stream airflow. The main function of the VGs is 80 

to transfer momentum from the main stream to the inner boundary layer, in order to 81 

suppress flow separation. They were also used for enhancing wing lift, reducing noise 82 

generated by airflow separation and reducing afterbody drag of aircraft fuselages [6].  83 

Many researchers have studied the mechanism of VGs on aerofoils using both 84 

experimental and Computational Fluid Dynamics (CFD) methods. Lin et al. evaluated 85 

the boundary-layer separation control effect of the small vane-type vortex generators 86 

on the aerofoil in a landing configuration by wind tunnel test [7]. It was found that the 87 

vortex generator with a height of 0.18% aerofoil chord length can effectively reduce 88 

boundary layer separation and significantly increase the performance of the aerofoil. 89 

Gao [9] investigated the flow physics of VGs and how their sizes affect aerodynamic 90 
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performance of a blunt trailing edge aerofoil DU97-W-300 using CFD simulations. 91 

Volino [10] studied the function of controlling boundary layer separation using the 92 

oscillating vortex generator jets situated on the suction side of a low-pressure turbine 93 

aerofoil. He found the jets were effective over a wide range of frequencies and 94 

amplitudes. Hibbs and Acharya [11] optimized the vortex generator geometry to 95 

enhance mass/heat transfer from the ribbed passage of a two-pass turbine blade coolant 96 

channel in an experimental study. Heffron et al. [12] compared three different mounting 97 

angles of MVG vane on the Eppler e387 aerofoil that was suffering flow separation and 98 

found that the MVG vane placed at 18˚ was the most effective on flow control. 99 

 A pair of triangular MVGs with counter-rotating distribution was numerically 100 

investigated for the turbine aerofoil S809 by Yashodhar et al. [13]. In comparison to 101 

the unmodified case, the installation of MVGs was found to be able to continuously 102 

increase the skin friction and thus can suppress flow separation. The aerodynamic effect 103 

of VGs of six configurations on the wing of the RAF Javelin fighter was investigated 104 

by Paiboolsirichit using numerical method [14]. The results indicate that the VG could 105 

enhance wing's maximum lift and stall angle. The effect of the variables of VGs 106 

including installed angle, height and length were discussed and it was found that the 107 

installed angle affected the performance of VGs significantly.  Similar result was 108 

obtained by Barrett and Farokhi [15]. They carried out wind tests to determine the 109 

performance of a two-dimensional wing section equipped with smart vortex generators 110 

(SVG) with the self-control device.  111 

The optimum position and configuration of the MVGs on an unmanned aerial vehicle 112 

UAV wing was studied numerically by Chavez et al. [16]. It was found that the MVGs 113 

situated on the position after the detachment flow in the unmodified model provided 114 

the best effect on stall delay and the optimum height of the MVG is the height of the 115 

boundary layer.  The effect of passive VGs on the UAV were investigated by Zhen et 116 

al. by both experiment and numerical method [17]. It was found that the VGs provided 117 

positive effect on the performance of the UAV by increase the maximum lift and the 118 

rectangular and curve-edge VG performs better than triangular VG. 119 

The conventional geometry of VGs is a form of vanes on the suction side of an aerofoil 120 

near its leading edge. The VGs have different array configurations in terms of 121 

orientation as shown in Figure 1:  1) the counter rotating configuration, and 2) the co-122 

rotating configuration. The counter rotating configuration is characterized by adjacent 123 

VGs having equal, but opposite installed angles to the flow. While the co-rotating 124 

configuration is characterized by adjacent VGs having all equal installed angles to the 125 

flow [18]. In Figure 1, the height of the vane is denoted by h, the length by e and the 126 

installed angle by β. 127 

VGs are usually characterized by its height as relative to the thickness of boundary layer 128 

δ. A typical vane-type VG has a similar height of the boundary layer. A higher VG can 129 

produce extra drag, which could compromise its aerodynamic benefit. Some 130 

experiments have shown that VGs lower than the boundary layer thickness can also 131 

introduce enough energy to the boundary layer with a relatively smaller drag increase.  132 

These VGs are effective enough in flow separation control. The sub-δ-scale VGs that 133 
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are shorter than δ/2 are referred to as micro-vortex generators (MVGs) [19]. The height 134 

of the MVGs adopted in the current work is about 0.2δ. 135 

 136 
(a)                                                                                                (b) 137 

Figure1: Vortex generator configurations: (a) Co-rotating and (b) Counter-rotating 138 

The main objective of this work is to find the best performing configuration of MVGs 139 

for an isolated aerofoil and a small-scale vertical axis wind turbine. The optimization 140 

of MVGs usually needs many experiments which are expensive. Using the 141 

Computational Fluid Dynamics codes Code_Saturne and Ansys-Fluent, the present 142 

work aims to determine the optimal variables of MVGs including installed angle, 143 

location and configuration, and investigate their aerodynamic effects on the turbines. 144 

2   GEOMETRY AND CASE SETUP 145 

2.1 A single Micro-Vortex Generator on the plane 146 

In order to understand the flow control’s effect of MVGs and carry out the code 147 

validation, a single MVG perpendicularly installed on a flat plane is investigated first. 148 

The computational domain and mesh distribution on the wall surface are shown in 149 

Figure 2. The installed angle is set at 16º and the free stream velocity is 34.0 m/s.  The 150 

MVG has a height of 7 mm and a length of 49 mm. It is installed at the position where 151 

the thickness of the boundary layer is about 35mm. The length of the computational 152 

domain is about 4 m, which is nearly 1000 times of the length of the MVG.  The total 153 

number of hexahedron cells are 2.34 million. The boundary conditions are labeled in 154 

Figure 2 as inlet, outlet, symmetry and non-slip wall. The inlet boundary is defined 155 

based on the free stream velocity 34 m/s. The downwind outlet is defined as pressure 156 

outlet, where static pressure is specified.   157 

 158 

Figure 2: Geometry and mesh in the local region around VGs 159 

 160 
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2.2   MVGs on a single aerofoil 161 

Micro-Vortex Generators on the NACA0018 aerofoil were studied by unsteady 162 

Reynolds-averaged Navier–Stokes (URANS) method and large eddy simulations 163 

(LES).  Both methods are detailed in section 3. This NACA 0018 profile is typical for 164 

VAWTs. Figure 3 illustrates the geometry of the aerofoil section equipped with one 165 

pair of MVGs of rectangular and triangular shapes with counter rotating configuration.  166 

           167 

(a)                                                                                                (b) 168 

Figure 3: (a) Aerofoil with rectangular MVGs. (b) Aerofoil with triangular MVGs.  169 

Optimization of MVGs has been discussed by several authors with the consideration of 170 

the variables including chordwise location, installed angle and length [20]. The study 171 

by Mueller-Vahl et al. shows that the MVGs located at 15% to 20% chord length from 172 

the leading edge of the aerofoil is ideal to realize the stall delay [21]. The wind tunnel 173 

test by Ashill indicates that the low-profile VGs set an angle of about 16º is effective in 174 

flow separation control [22]. Therefore, Table 1 presents eight MVG models of various 175 

geometric parameters and among these MVGs, model A is regarded as the benchmark 176 

model. 177 

Table 1 Tested MVG Models on the Aerofoil 178 

Test case Configuration Shape Position  Angle(β) e/h 

A Counter-rotating Rectangle 20% c 16º 3 

B Counter-rotating Rectangle 20% c 19º 3 

C Counter-rotating Rectangle 20% c 22º 3 

D Counter-rotating Rectengle 15% c 16º 3 

E Counter-rotating Rectangle 22% c 16º 3 

F Counter-rotating Rectangle 25% c 16º 3 

G Counter-rotating Triangle 20% c 16º 3 

H Counter-rotating Rectangle 20% c 16º 6 

The chord length of the aerofoil is 0.246 m and the computational domain spanwise 179 

length is about 30% of the chord length. The free stream velocity is 10 m/s and the 180 

Reynolds number based on the aerofoil chord length is 1.6 × 105.  In all models, the 181 

height of the MVGs was about 1% of the aerofoil chord length. The pitch spacing 182 
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between the adjacent MVGs is three times of its height in order to eliminate the 183 

influence between each other. 184 

The common C-H type mesh was adopted as Figure 4. The Farfield boundary was 185 

located 40 times of chord length away from the aerofoil. Velocity INLET and pressure 186 

OUTLET boundary conditions were applied at the inlet and outlet domain, respectively. 187 

The aerofoil and MVGs were set as non slip walls. A periodic condition is enforced at 188 

the spanwise direction. The structured grid was deployed in the whole domain. There 189 

were 300 points along the surface of the aerofoil.  190 

 191 

Figure 4: C-H type computational domain  192 

 193 

2.3 VAWT with VGs 194 

After the validation and flow study of the isolated aerofoil, an H-type Darrieus vertical 195 

wind turbine will be investigated. The schematic view of this turbine is given in Figure 196 

5. This wind turbine consists of three vertical blades, one vertical support and six 197 

horizontal struts. 198 

                                                  199 

Figure 5: H-type vertical axis wind turbine 200 

The geometry of the computational domain and the boundary conditions are given in 201 

Figure 6(a). To have high-quality meshing, struts are not included in the current 202 

computational domain. As the rotor is a moving surface, the whole computational 203 

domain was divided into two sub-domains (ROTOR and STATOR domains) with an 204 

interface between them. The ROTOR domain is a circular inner zone that includes the 205 

wind turbine. This ROTOR domain rotates at a fixed angular velocity. The STATOR 206 

domain is a large stationary rectangular domain outside the inner zone.  The mesh cells 207 

on both sides of the interface have the same size to achieve a smooth and sliding 208 

transition. 209 



 

 

 

7 

 

 

 

This wind turbine blade is the NACA 0018 aerofoil that was discussed in the last section, 210 

which can provide high lift-to-drag ratio. The main turbine parameters are given in 211 

Table 2. 212 

Table 2   Rotor Parameters 213 

Number of blades 3 

Blades aerofoil NACA 0018 

Blade chord(c)[m] 0.246 

Radius(R)[m] 0.85 

Wind speed(V)[m/s] 8 

Tip speed ratio 1-3.5 

Height of blades(H)[m] 0.08 

 214 

The turbine is assumed to operate in an open field. To avoid wall blockage, the length 215 

and width of the STATOR domain are 40R and 10R respectively. The radius of the 216 

ROTOR zone is 1.2 times of the turbine radius. Figure 6(b) shows a zoom-in view of 217 

the mesh around the turbine blades. The inlet boundary was set at a constant wind speed 218 

of 8 m/s, while the atmospheric pressure boundary was imposed at the outlet. The 219 

symmetry boundary condition was adopted for the top and bottom boundaries in Figure 220 

(6a) and the periodic boundary conditions were assumed in the spanwise direction. No-221 

slip wall boundary condition is implemented on the blade and MVG surface. 222 

The turbine operated with a fixed wind speed (V), whereas the rotational speed of the 223 

turbine (ω) changes to achieve different tip speed ratios. The Tip Speed Ratio (TSR) is 224 

defined as λ=Rω/V (V stands for the wind velocity). 225 

The simulation is regarded to be fully developed if the instantaneous moment 226 

coefficient of the turbine was less than 1% different compared to the value of the same 227 

azimuth angle of last period. For the LES calculations, the flow becomes fully 228 

developed after about 10 revolutions, and then, the phase averageing was performed for 229 

the following five revolutions. 230 

 231 

(a)                                                                                                 (b) 232 

Figure 6: (a) competational domain (b) mesh in the local region around turbine blades 233 
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3 NUMERICAL METHOD 234 

Code_Saturne and ANSYS-Fluent were used for the CFD calculations in this study. 235 

Code_Saturne of EDF is a general-purpose open source CFD software package based 236 

on the finite volume method and a cell-centered approach. The LES simulations were 237 

performed by Code_Saturne in the current work, whereas the ANSYS Fluent simulation 238 

package was used for the (U)RANS calculations. 239 

For the unsteady RANS Fluent calculation, the well-known two-equations SST (Shear 240 

Stress Transport) k-ω turbulence model proposed by Willcox [23] was chosen. This 241 

method attempts to predict turbulence by solving two equations for the extra two 242 

variables, turbulent kinetic energy (𝑘) and specific dissipation rate (ω). It blends the k-243 

ω model and the k-ε model, which performs better for wall-bounded cases, especially 244 

under the adverse pressure gradients [24]. The pressure-based solver with the second 245 

order spatial scheme and the SIMPLE time marching method were adopoted. No wall 246 

function was applied as the mesh resolution near the wall is fine enough. 247 

The LES calculations were performed by Code_Saturne, an unstructured, collocated 248 

finite-volume code. All large eddy simulations were carried out with the second order 249 

central difference scheme in space and time. The implicit LES (ILES) is adopted for 250 

the current study. It uses the numerical dissipation as a subgrid model [25], and thus, 251 

no subgrid scale model is imposed. Recently, there has been an increasing interest in 252 

ILES approach and its effectiveness has been demonstrated in a wide range of 253 

applications for various fields from fluid engineering to astrophysical fluids 254 

computations [26]. 255 

4 RESULT AND ANALYSIS 256 

4.1 A single MVG on the plane 257 

The simulation of a single MVG installed on a flat plane has been compared with the 258 

experimental results, as shown in Figure 7. Six streamwise stations behind the trailing 259 

edge of the MVG are given, which are s/h=10, 17, 50 and 109. Here, s is the distance 260 

between the station and the trailing edge of MVG. The column (a) in Figure 7 and 261 

Figure 8 present the experimental results from Yao et al. [27]. The experiment were 262 

conducted in the Langley 20- by 28-Inch Shear Flow Tunnel. The free-stream velocity 263 

is 34 m/s. A 12.7-mm thick splitter plate was used to eliminate any upstream influence. 264 

A single VG was located approximately 2.25 m downstream of the boundary layer trip 265 

where the boundary-layer thickness (δ) was approximately 35 mm. The column (b) 266 

show the CFD results of RANS from Fluent. The present numerical study was 267 

conducted in the same conditions with the experiment in the literature by Yao et al. [27] 268 

As can be seen in Figure 7, the vortex development downstream of the trailing edge of 269 

MVG from the numerical calculations agrees qualitatively well with the measurement 270 

data. Figure 7 shows the contour of the streamwise velocity at measurement stations 271 

from RANS. As the vortex moves downstream from the generator, the size of vortex 272 

increases, but the intensity diminishes and the vortex core moves away from the flat 273 

plate. The transparent square in the figure denotes the spanwise location of the vortex 274 

generator. It can also be observed that the vortex core moves away from the spanwise 275 

location of the MVG when it travels downstream. 276 
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 278 
(a)                                                                        (b) 279 

Figure 7: Comparison of streawise velocity at different streamwise stations (a) Experiment [27] (b) 280 

RANS  281 

Figure 8 portrays the contour of the streamwise vorticity at different sections. As s/h 282 

increases, the magnitude of the streamwise vorticity decreases and at section s/h=109, 283 

the vortex has been fully diffused. This demonstrates the streamwise length in which 284 

the MVG can be effective, pointing to the need to carefully choose the location of 285 

MVG.  286 

Figure 9 shows the comparison of between the numerical result in present work and the 287 

experimental data and CFD result from the literature by Yao [27] in terms of the 288 

variation of half-life radius of vortex.  The unsteady RANS of k-ω SST model was used 289 

in both CFD studies. The half-life radius is defined as the distance between the center 290 

of the vortex core and the position where the vorticity was equal to half of the peak 291 
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vorticity.  It was found that the half-life radius increases almost linearly with s and the 292 

curves of numerical results have the same trend with experimental data. The URANS 293 

result agrees well with each other in both CFD studies.  The CFD method overestimates 294 

the half-life readius by about 38% at s/h=10. As the vortex is not exactly cycle, the 295 

measurement errors are difficult to avoid. In addition, the difference is raleted to the 296 

application of turbulence model.  297 

 298 

 299 
(a)                                                                     (b) 300 

Figure 8: Comparison of streamwise vorticity at different streamwise stations (a) Experiment [27] (b) 301 

URANS  302 
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 304 
Figure 9: Vortex half-life radius nondimensionalized by device height. 305 

4.2   Aerofoil with MVGs 306 

4.2.1 Baseline and Mesh Sensitivity 307 

In the clean aerofoil case, the typical feature of its flow field can be seen from a side 308 

view of the iso-surfaces of Q colored by velocity magnitude at 𝑅𝑒𝑐 = 1.6 × 105 as in 309 

Figure 10. The flow features a laminar separation bubble near the leading edge of the 310 

aerofoil, a transition to turbulence immediately after the laminar separation, a flow 311 

reattachment of the shear layer and turbulent separation can be seen when the aerofoil 312 

is placed at a high angle of attack (AoA). 313 

 314 

Figure 10: Iso-surfaces of Q colored by velocity magnitude for the case of clean aerofoil NACA 0018, 315 

Q=1000，AoA=14º, LES.  316 

In order to verify the validity of the study, a baseline of three dimensional NACA 0018 317 

aerofoil was carried out to establish the sensitivity of the simulation to the mesh 318 

revolution. Three different meshes with various height of first grid cells near the wall 319 

were tested compared to the experimental results of Sheldahl et al. [28] in terms of the 320 

time averaged lift and drag coefficient as shown in Table 3. Convergence towards the 321 

experimental results is clearly seen as the number of grid cells is increased. The 322 

difference in  𝐶𝐿 between Mesh 2 and the experimental value is only about 2.0%, while 323 

the difference in 𝐶𝐷 is 4.1%, Further increase of the mesh size to Mesh 1 yielded a small 324 

change and hence Mesh 2 was chosen.  325 
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Table 3   Comparison of RANS result and experimental data of 3D NACA 0018 aerofoil in 326 

terms of lift and drag coefficient, AoA=13º 327 

 Total Cells 𝐶𝐿 𝐶𝐷 𝐶𝐿/𝐶𝐷 

Sheldahl et al. [28]

【22】 

 0.950 0.0545 17.43 

Mesh 1  8.43 × 106 0.937 0.0538 17.19 

Mesh 2   4.79 × 106 0.932 0.0524 17.78 

Mesh 3 1.38× 106 0.911 0.0472 19.3 

Figure 11 shows the lift and drag coefficients variation with the angle of attack (α). As 328 

shown in the figure, the lift coefficient of the clean aerofoil from RANS results agrees 329 

well with the experiments. For the drag coefficient, the CFD data matches well with the 330 

experiment before the stall occurs. After that, the drag coefficient from the numerical 331 

result is smaller than the experimental result. This difference is also reported in other 332 

studies [5], which is mainly due to the turbulence model limitation for the separated 333 

flow.  Figure 11 indicates a good agreement between numerical result and measured 334 

data in terms of lift-to- drag ratio.  335 

In the case with MVGs (case A), it can be seen that the MVGs can improve the 336 

aerodynamic performance of the aerofoil significantly. At a very small angle of attack, 337 

the lift coefficient of the MVG case is close to that of the clean aerofoil. As the angle 338 

of attack increases to around 14º, the stall occurs in the clean aerofoil case with the lift 339 

rapidly drops. However, the lift on the aerofoil installed with the MVGs still increases 340 

until the angles of attack reached 16.5º. It is evident that the MVGs can increase the 341 

stall angle as well as the maximum lift coefficient. 342 

For the drag coefficient, a slightly higher drag is observed in the MVG case as compared 343 

to the clean aerofoil before the stall. This is due to the fact that the vortex generator 344 

does nothing but to slightly increase the skin drag for the attached boundary layer. As 345 

the angle of attack increases beyond the stall angle, it is evident that the drag is 346 

significantly less for the aerofoil with MVGs installed. In addition, the positive effects 347 

of MVGs can be seen by the lift-to-drag ratio comparison between the cases with and 348 

without MVGs in Figure 12. At high angles of attack the aerofoil with MVGs has a 349 

relatively higher lift-to-drag ratio compared to the clean aerofoil case, but there is a 350 

small price to pay at low angles. 351 

 352 
Figure 11: Aerofoil performance at different angles of attack: (a) lift coefficient and (b) drag 353 

coefficient, URANS [28].  354 
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 355 

Figure 12: Lift–to-drag ratio comparison between aerofoils with and without MVGs, URANS [28].  356 

Figure 13 shows a comparison of the mean value of pressure coefficient (Cp) at 357 

AoA=15º for the aerofoil with and without MVGs. As can be seen from the figure, Cp 358 

on the suction side of the aerofoil is improved after adding the MVGs. As the result, 359 

the pressure difference between the suction and pressure side of aerofoil is increased, 360 

leading to the higher lift. 361 

 362 

Figure 13: Pressure coefficient comparison between aerofoils with and without MVGs, AoA=15º, 363 

URANS. 364 

Wall shear stress is a useful parameter to assess the effect that the vortices have on the 365 

near-wall boundary layer. Figure 13 presents a comparison of the skin friction 366 

coefficient along the upper surface of aerofoils with and without MVGs at a high angle 367 

of attack 15º. The solid line shows the 𝐶𝑓 distribution of the clean aerofoil.  𝐶𝑓 drops 368 

sharply near the leading edge at about 5% chord length caused by the small leading-369 

edge bubble. The value of 𝐶𝑓 increases, as the flow reattaches. Further downstream a 370 

turning point appears at about 15% chord length of aerofoil where 𝐶𝑓 starts decreasing 371 

again leading to very low values at x>0.4c due to massive flow separation. 372 

The dashed line in Figure 14 stands for the aerofoil of case A. Near the trailing edge of 373 

the aerofoil, the trend of 𝐶𝑓 distribution of case A is close to the clean aerofoil. However, 374 

there is a sudden rise in 𝐶𝑓 at 25% chord length  just downstream of the MVGs. Further 375 

downstream 𝐶𝑓 increases again due to the flow transition from laminar to turbulence 376 

and reattachment.  377 
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  378 
Figure 14: Skin friction coefficient distribution on NACA 0018, AoA =15º, URANS. 379 

As momentum is introduced into boundary layer by the MVGs, the distribution of the 380 

skin friction along the surface changes significantly. Figure 15 shows the skin friction 381 

at s/h = 3, 5, 10 and 30 behind the MVGs where s stands for the distance to the trailing 382 

edge of the MVGs and h is the height of MVGs. With MVGs on the aerofoil, a larger 383 

variation of skin friction is observed at s/h=3 compared to a clean aerofoil. The 384 

increased level of skin friction is an indication of a healthier boundary layer with no 385 

intention to separate. They can improve the skin friction on the wall surface of an 386 

aerofoil, which agrees well with other results [27]. This improvement was induced by 387 

the vortices behind the MVGs. Along the spanwise direction, the skin friction decreases 388 

with the increase of distance from MVGs. Along the chord line direction, skin friction 389 

near the MVGs is relatively higher than that farther from MVGs because of the 390 

diffusion of vortices. 391 

 392 

Figure 15: Skin friction coefficient distribution at different points on aerofoil surface, RANS. s stands 393 

for the distance to the trailing edge of MVGs. h is the height of MVGs and z is the coordinates in Z 394 

direction, URANS. 395 
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MVGs with a proper configuration can have a positive effect on the aerodynamic 396 

performance of a NACA 0018 aerofoil. In order to optimize the MVG configuration for 397 

a better performance, a comprehensive understanding of the influence of several 398 

parameters related to MVGs is important, such as the location, installed angle, length, 399 

shape and array configurations. 400 

4.2.2 Effect of location on the performance of MVGs 401 

Many researchers have shown that the location of MVGs influences the capability of 402 

controlling flow separation. It was found that MVGs located at 15% to 30% of the chord 403 

length could improve the aerodynamic performance of the aerofoil. In the present work, 404 

besides case A with MVGs located at 20% chord length, three other cases were studied, 405 

in which the MVGs were located at 15%, 22% and 25% chord length. The lift and drag 406 

coefficients versus the angle of attack for these cases are given in Figure 15. The clean 407 

aerofoil case is also superimposed. Compared to the clean aerofoil case, cases A, D and 408 

E have significantly improved the lift near the stall angles of attack, especially in the 409 

case E, where the maximum lift has been improved by 25%. However, the MVGs in 410 

case F, which are located at 25% chord length of the aerofoil, have a negative effect on 411 

other aspects of aerodynamic performance. The stall angle and the lift after the stall 412 

have also been reduced. For the drag, all the cases with MVGs have a similar trend as 413 

discussed in the last section. Compared to the clean aerofoil, all four configurations 414 

with MVGs have a mildly higher drag at lower angle of attack. However, after the 415 

aerofoil stalled, a lower drag is observed in the MVGs cases. Among the cases tested, 416 

case A has the best overall performance where the highest lift and the lowest drag are 417 

observed. 418 

 419 

Figure 16: lift and drag coefficient comparison of different cases, URANS.  420 

The contours of skin friction on the suction side are shown in Figure 17, where MVGs 421 

are installed in three different streamwise locations. The flow direction and the position 422 

of leading edge of the aerofoil are present in the figure.  Compared to the clean aerofoil 423 

case, the MVGs increase the skin friction which indicates a healthier boundary layer. 424 

There is a region of high skin friction in cases A, D and E due to the generation of a 425 

pair of counter-rotating vortices behind the trailing edge of MVGs, see Figure 18 for 426 

illustration. This improvement is most evident in case A, where the MVGs are located 427 

at 20% chord length; whereas in case E, where the MVGs are located at 22% chord 428 

length, there is no noticeable region of high skin friction behind MVGs. 429 
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A strong variation of the skin friction in the spanwise direction can be observed in 430 

Figure 15. To examine this variation, Figure 19 plots the skin coefficient for all the 431 

cases with MVGs installed. The data at the station downstream of the MVGs at s/h=5 432 

is extracted. It is evident that the skin coefficient for the case A is highest among all the 433 

cases, which indicates that the strongest vortex is generated in case A.  434 

 435 
Figure 17: Skin friction coefficient contours on the aerofoil surface on the suction side, AoA=15º, 436 

URANS. 437 

 438 
Figure 18: schematic view of one pair of vortices behind MVGs. 439 

 440 

 441 

Figure 19: Skin friction selected streamwise section, .x/h =5, AoA=15ْ, URANS. 442 

Figure 20 shows the comparison of streamlines with and without MVGs at different 443 

locations at the angles of attack of 15º.  From the clean aerofoil, the separation occurs 444 

at around half of chord length, pointing to a stall of the trailing edge separation process. 445 
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In case D, where the MVGs are installed at 15% chord length, there is a small separation 446 

bubble near the trailing edge on the suction side of aerofoil. When the MVG moves to 447 

the location of 20% chord length in case A, the flow stays attached over the whole 448 

suction side of the aerofoil. The MVGs in case E and case F are located 22% and 25% 449 

of the chord length respectively. It is clear that in case F the area of the separation region 450 

significantly increases in the aft-portion of the chord, with the size of the trailing edge 451 

separation bubble being the largest. 452 

 453 
Clean aerofoil 454 

 455 
                                                             Case D                                                                  Case A 456 

 457 

                                                             Case E                                                                 Case F 458 
Figure 20: Streamlines around aerofoils with different MVGs at the mid-span, AoA=15º, URANS. 459 

4.2.3 Effect of installed angle on the performance of MVGs 460 

Apart from the location, the installed angle is also of great importance for the 461 

performance of MVGs. The MVGs of a larger installed angle introduce more energy 462 

into the boundary layer. However, they may introduce higher drag at smaller angle of 463 

attack, which may offset the benefit of the separation control. As a result, finding an 464 

optimal installed angle to balance the lift and drag increases is essential. 465 

The comparison of the lift and drag for the aerofoils with MVGs installed at three 466 

different angles is shown in Figure 21. Like other cases discussed above, MVGs have 467 

no visible effect on the lift at small angles of attack, while the drag is slightly increased. 468 

The lift coefficient continues to increase and peaks at 1.3 in cases A and B, while the 469 
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clean aerofoil has already stalled. The drag in case A follows the same trend with case 470 

B, which is slightly smaller than the clean aerofoil after stall angle.  471 

 472 

Figure 21: lift (right) and drag (left) coefficient comparison of different cases, URANS. 473 

As discussed before, the suppression of the separation bubble by the MVGs can be 474 

shown by the contours of the skin friction on the suction surface of the aerofoil, which 475 

are shown in Figure 22. The spanwise distribution of the skin friction coefficient is 476 

shown in Figure 23 at s/h =4.  The skin friction coefficient is extracted from the location 477 

s m downstream the MVGs.   The skin friction increase can be observed both in case A 478 

and B, but not in case C. Figure 22 shows the contour of skin friction coefficient 479 

distribution. There is a region of high skin friction downstream of the MVGs in these 480 

two cases, which corresponds to the result of the lift enhancement showed in Figure 21.  481 

However, in case C, as the installed angle of the MVGs is too high, the counter rotating 482 

vortex is not strong enough to suppress the separation bubble, and thus, the skin 483 

coefficient is similar to that of the clean aerofoil case. 484 

                485 

Figure22: Skin friction coefficient contours on the aerofoil surface on the suction side. AoA=15º, 486 
URANS. 487 

 488 
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 489 
Figure 23: Skin friction selected streamwise section, s/h =4, AoA=15º, URANS. 490 

The effectiveness of MVGs in suppressing the separation bubble is also shown in Figure 491 

24, which compares the streamlines around the aerofoils for the cases with MVGs of 492 

different installed angles. The inflow angle of attack is again at 15º. In case B where 493 

the MVGs are installed at an angle of 19º to the free stream, there is a relatively small 494 

vortex near the trailing edge compared to case B, in which the MVG is installed at 22º. 495 

These results can also be compared to case A in Figure 20, in which the MVGs are 496 

effective in introducing the momentum from the outside to the inside of the boundary 497 

layer, and eventually suppress the flow separation. It is shown that with an increase of 498 

the installed angle from 16º to 22º, the effectiveness of MVGs decreases.  In addition, 499 

when the installed angle reaches 22º, the MVGs start to degrade the performance of 500 

aerofoil. A larger separation bubble is observed compared to the clean aerofoil case.  501 

      502 
                                 Case B                                                                            Case C 503 

Figure 24:  Comparison of streamlines around aerofoils with different MVGs at the mid-span, 504 
AoA=15º, URANS.  505 

4.2.4 MVGs of different shapes  506 

Apart from the location and installed angle of the MVGs, the vane can also have various 507 

shapes, such as rectangle, triangle, trapezoid and so on. Two commonly used shapes 508 

are the rectangle and the triangle as studied here. The discussion in this section is 509 

centered at the angle of attack 14º. Table 4 shows the effect of the shape of MVGs on 510 

the lift and drag of the aerofoil at 𝛼=15º. The MVGs in cases A and G have the same 511 

height and length. It was found that both MVGs improved the lift and reduced the drag 512 

compared to the clean aerofoil. The aerofoil in case A has relatively higher lift 513 

compared to case G, while the drag is higher as well for case A. This result in a similar 514 

lift-to-drag ratio in these two cases.  515 
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Table 4   Comparison of drag and lift of aerofoils for different MVGs, AoA=15º 516 

 𝐶𝐿 𝐶𝐷 𝐶𝐿/𝐶𝐷 

Clean aerofoil  0.93 0.084 11.07 

Case A (rectangular MVGs) 1.17 0.075 15.60 

Case G (triangular MVGs) 1.09 0.071 15.35 

The comparison between Case A and Case G for the vorticity magnitude is shown in 517 

Figure 25 for the downstream slices at s/h=3 and s/h=7. As indicated by the figure, the 518 

size and magnitude of the vortex generated in Case A are larger in both downstream 519 

slices, which means rectangular MVGs are more effective in vortex generation compared to 520 

the triangular ones that have smaller surface to generate the vorticity. Similar result can be 521 

found by Fouatih et al [29]. In their study, the performance of the rectangular and triangular 522 

MVGs of the same height located ar 0.3c with the mounting angle of 10 ºwere tested and 523 

compared on a NACA 4415 airfoil.  It was found that at AoA=18º, the rectangular MVGs 524 

improve the lift coefficient of the base line to 1.54, while the value for the triangular MVGs 525 

was 1.48. However, the drag coefficient for the aerofoil with rectangular MVGs was slight 526 

larger than that of the aerofoil with triangular MVGs. Zhen et al. also found that rectangular 527 

VG performed better than triangular VG [16].  528 

As the vortex convects downstream to slice s/h=7, the size of the vortex is still larger 529 

in case A. Figure 26 shows the contours of the skin friction on the suction surface of 530 

the aerofoils in cases A and G. Though the rectangular MVGs in case A and triangular 531 

MVG in case G have the same height and installed angle, the area of high skin friction 532 

behind the MVGs in case G is much smaller than that in case A. This indicates a weaker 533 

vortex and therefore a weaker momentum transfer between the mainstream and the 534 

boundary layer. 535 

                                             Case A                                                         Case G 536 

 537 
     s/h=3 538 

 539 
      s/h=7 540 

 541 
                                                    0                                                         400 542 
Figure 25: Vortcity magnitude contours at different streamwise stations downstream MVGs, AoA=15º, 543 

URANS.  544 
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                 545 
Figure 26: Skin friction coefficient contours on the aerofoil surface on the suction side, AoA=15º, 546 

URANS.  547 

The velocity contour around the aerofoils at the angle of attack of 15º is revealed in 548 

Figure 27. As we can see in this figure, the boundary layer on the suction surface 549 

separates near the leading edge without MVGs installed. However, for the cases with 550 

MVGs, the separation location moves further downstream. The width of the wake is 551 

also reduced by adding MVGs and this reduction is more obvious in case A with the 552 

rectangular MVGs as compared to the triangular MVGs in case G. This is because the 553 

vortex generated by the triangular MVGs is not as strong and large as that by the 554 

rectangular ones. 555 

 556 
Clean aerofoil  557 

 558 
                                                 Case A                                                                      Case G 559 

                                                           560 
                                                         0                                                                             15 561 

Figure 27: Comparison of velocity contours at spanwise slices midway between clean aerofoil and 562 

aerofoils with MVGs, AoA=15º, URANS. 563 

4.2.5 The length of MVGs  564 
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The length of the MVGs can also change the performance, and this is investigated in 565 

this section.  In case H, the MVGs’ length is e/h=6, where e is the length of MVGs, 566 

which is twice as that in case A. Table 5 shows a comparison of lift and drag of the 567 

aerofoils. As can be seen in the table, at α=15º, the length has limited influence on the 568 

effectiveness of MVGs, as the lift and drag stay almost the same when its length is 569 

increased. When the angle of attack reaches 16º, although both the lift and drag in case 570 

H are larger than that in case A, the increase of the drag is relatively more profound 571 

than the increase of the lift. Hence, the lift-to-drag ratio reduces with a longer MVG.  572 

This suggests that the increase in drag offsets the benefit of an increased lift for a longer 573 

MVGs. 574 

Table 5   Comparison drag and lift for aerofoils with different MVGs 575 

 AoA=15º AoA=16º 𝐶𝐿 𝐶𝐷 𝐶𝐿/𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿/𝐶𝐷 

Clean aerofoil  0.93 0.084 11.07 0.80 0.112 7.14 

Case A  1.17 0.075 15.60 0.81 0.0813 9.96 

Case H 1.16 0.074 15.67 0.824 0.105 7.84 

4.3 VAWT with MVGs 576 

4.3.1 3D mesh sensitivity analyses 577 

After understanding the aerodynamic performance of micro-vortex generators on an 578 

aerofoil, the effectiveness of MVGs installed on a vertical axis wind turbine is assessed 579 

in this section. The best performing MVGs studied in the previous section are selected 580 

for the wind turbine investigation. Here, large eddy simulations are performed to 581 

understand the details of the flow dynamics around the turbine blades as well as the 582 

mechanism of MVGs on improving the turbine efficiency. The length of the blade is 583 

50% of chord length of aerofoil. To reduce the computational cost of the large eddy 584 

simulation, the tip effect is not considered. A periodic boundary condition is imposed 585 

in the spanwise direction. 586 

The mesh sensitivity analysis has been conducted to assess the mesh quality for the LES 587 

for the flow field prediction. The 3D mesh independence study was performed only for 588 

the unmodified turbine as the base case.  The power coefficient of the base case based 589 

on three grids (Mesh 4, 5 &6) is shown in Table 6.  The wall distance for all the three 590 

grids is 3.5 × 10−5, resulting in 𝑦+< 2. All the simulated results over estimate the 591 

power coefficient of the turbine compared to the experimental result by Balduzzi et al. 592 

[31].  Among them Mesh 4 offers the least difference with measured data. However, 593 

the discrepancy between Mesh 4 and Mesh 5 is minor, only 2.6%. Therefore, Mesh 5 594 

is adopted considering its reduced computational resources. The moment coefficient of 595 

one blade of the turbine is compared in Figure 28.  There is no obvious difference 596 

between Mesh 4 and Mesh 5.  597 

Table 6   Comparison of power coefficient of the VAWTs 598 

 Total cells TSR Power coefficeint 

Balduzzi et al. [30]  2.1 0.218 
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Mesh 4 4.92 × 107 2.1 0.228 

Mesh 5       3.59× 107 2.1 0.234 

Mesh 6 1.76 × 107 2.1 0.263 

 599 

Figure 28:  Moment coefficient for different meshes.  600 

The LES results of an H-type 3 blade turbine without MVGs are compared to the results 601 

available in the literature. Figure 29 shows the comparison of the measured data and 602 

the CFD results in terms of power coefficient versus tip speed ratio. The rotors in the 603 

current study are the same as in the experiment and CFD in [30]. 604 

 605 
Figure 29: Power coefficient comparison between experiment and CFD results, LES [30].  606 

In order to setup the time step for three-dimensional simulation and assess how it affects 607 

the results, a time-step sensitivity analysis was performed. Three different values of 608 

time step were chosen for testing. They are ∆t=1e-4s, 3e-4s, 6.7e-4s, where one time 609 

period of the turbine rotation is 0.33s at TSR=2. The moment coefficient with different 610 

time steps was investigated as in Figure 30.  It was found that the result of ∆t=6.7e-4s 611 

agrees well with a smaller time step, thus the time step step size of 6.7e-4s is used to 612 

keep the computational cost to a feasible level. 613 
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 614 
Figure 30: Moment coefficient of the three blades for different time step sizes, TSR=2.5, LES. 615 

For the lift-based turbines, the angle of attack variation for one cycle should be 616 

investigated as it has a great influence on the lift generation. Figure 31 depicts the 617 

variation of angle of attack at different rotor blade azimuth angles and for different tip 618 

speed ratios over a full cycle. The maximum angle of attack decreases as the TSR 619 

increases. At low TSRs, VAWTs encounter a wide range of angles of attack as shown 620 

in Figure 30. As the static stall angle of aerofoil NACA 0018 at 𝑅𝑒𝑐=1.6 × 105 is 14º. 621 

It is clearly found that for the lower TSR, the turbine blades experience a larger part of 622 

azimuth angles that exceeds the static stall angle in one revolution.  At TSR=1.5, during 623 

most of the revolution the blade is in deep stall condition.  624 

Figure 32 shows the lift and drag variations for a wide range of angles of attack (AoA) 625 

from 0º to 40 º. This range covers the AoA that turbine blades encounter in one 626 

revolution at Re=1.6 × 105. The effect of MVGs for the aerofoil around the stall angle 627 

has been already discussed in detail. The lift drops significantly after the stall angle and 628 

then slightly increases with the increasing of AoA. It is clear that at AoA from 28º to 629 

40º, the lift of a clean aerofoil is slightly higher that the aerofoil with MVGs. On the 630 

other hand, the MVGs have no visible influence on the drag of the aerofoil as shown in 631 

Figure 32(right) for those high AoAs. This can be explained by the fact that the MVGs 632 

are inside the massive flow separation region of the stall and cannot function as intended, 633 

i.e. inject fresh air from the outer boundary layer to the inner one.  634 

 635 
Figure 31: Angle of attack (AoA) variation in one reolution at various TSRs. 636 
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 637 

Figure 32: Lift (right) and drag (left) comparison for clean aerofoil and aerofoil with MVGs A, 638 

URANS. 639 

4.3.2 Effect of location for the performance of MVGs 640 

The function of MVGs A and E on the turbines is investigated in this section as these 641 

two configurations of MVGs were found to be the most effective in improving the 642 

aerodynamic performance of a single aerofoil. The torque and the power curves of the 643 

clean VAWT and VAWTs with rectangle MVGs of the two locations at the wind speed 644 

of 8 m/s are presented in Figure 33. All the performance curves start at a lower value 645 

and peaking before dropping to a lower value again. The results were computed with 646 

LES. As we can see in this figure, the effect of the MVGs on the performance of a 647 

VAWT varies with the Tip Speed Ratio (TSR).  At low TSRs, from 1 to 2, the VAWT 648 

with and without MVGs have a similar performance. This is because at low TSRs, the 649 

turbine blades are considerably at post stall condition during most of the part of the 650 

turbine rotation cycle as discussed in the last section. As the MVGs have nearly no 651 

effect at angles of attack much higher than the stall angle, their effect was limited on 652 

the performance of turbines at low TSRs. When the TSR is larger than 2, adding MVGs 653 

with a suitable configuration gives improvement of performance. Compared to other 654 

cases, the MVGs located at 20% chord length of the blade’s profile give the best 655 

performance at TSR=2.5&3. This is consistent with the observation made for the single 656 

aerofoil. 657 

 658 
Figure 33:  Variations of the moment coefficient and power coefficient as functions of azimuth angle 659 

for one blade of various MVGs, LES. 660 

In order to understand the mechanism of the efficiency improvement due to MVGs, the 661 

phase-averaged moment coefficient of one blade for one rotation cycle VAWTs is 662 

presented in Figure 34. It is evident that most of the wind energy is captured in the first 663 

half cycle. For the second half cycle, the moment coefficient Cm of all turbines is low 664 

due to the fact that the blade is traveling within the wake of the upstream blade. The 665 
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main differences of Cm are at the first half cycle where the azimuth angle θ ranges 666 

between 75º and 160º, and hence the flow separation appears because of the relatively 667 

large AoA the blades encounter as shown in Figure 31. 668 

At low azimuth angles from 0º to 80º, the Cm of all cases follows a similar trend: the 669 

moment coefficient increases as the azimuth angle rises. This is because the lift 670 

increases with the AoA before stall occurs. When the azimuth angle increases to 80º, 671 

where AoA=14º at TSR=2.5, the rotor blades start to stall and the moment coefficient 672 

begins to decline from its peak value. The maximum 𝐶𝑚 and the azimuth locations of 673 

the peak value vary in different cases  674 

As shown in Figure 34 (left), when the azimuth angle increases to around 80º, the 675 

moment coefficient of the clean turbine reaches its peak value of 0.237 and starts to 676 

decline. However, for other cases, the moment coefficient continues to rise. With the 677 

increase of azimuth angle, Cm of turbine A is the last one to reach its peak value as 678 

compared to other cases, for both TSRs of Figure 34. In addition, a maximum value of 679 

Cm is observed in turbine A. Compared to the clean turbine, we can conclude that 680 

MVGs can improve the performance of VAWTs, and the results are consistent to that 681 

of an isolated aerofoil discussed in the last section. A similar result at TSR=3 is shown 682 

in Figure 34 (right), turbines A and E produce more power output at the first half of the 683 

cycle after stall as compared to the clean turbine. 684 

 On the second half of the cycle, the angle of attack is negative as shown in Fig.31, 685 

which leads to the MVGs being the pressure side of the aerofoil instead of the suction 686 

side. Hence, the MVGs have no effect on the flow separation and no noticeable 687 

difference between the clean turbine and the turbines equipped with MVGs is observed. 688 

 689 

 690 

Figure 34: Blade phase-averaged moment coefficient comparison of various turbines TSR=2.5 (left) 691 

TSR=3 (right), LES. 692 

The overall moment, which combines all the three blades is another parameter that can 693 

be used to evaluate the turbine performance. Figure 35 plots the variation of the overall 694 

phase-averaged moment coefficient of various turbines over a full operational cycle at 695 

TSR=3. All the cases show a similar trend and turbine A offers the maximum value of 696 

moment coefficient, which is consistent with the previous analysis. 697 
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 698 
Figure 35: Moment coefficient variation with azimuth angle clean turbine and turbine A, B&C, TSR=3, 699 

LES. 700 

 Figure 36 shows the contour of the vorticity magnitude around the blade profile of 701 

different turbines at TSR=2.5. The MVGs offer a dramatic change in the pressure 702 

distribution on the suction side of the aerofoil. At an azimuth angle of θ=120º, the 703 

profile exceeds the stall angle and mild separation starts to occur in the boundary layer 704 

of the clean turbine. Two spanwise vorticity rolls can be observed: one originated from 705 

the leading-edge separation and the other separation occurs near the trailing edge. The 706 

separation point in turbine A is farther away from the leading edge of the aerofoil 707 

compared to the clean turbine case and is consistent to a higher lift and torque 708 

generation. In turbine E, the flow separation on the suction side of blade is weaker 709 

compared to the clean turbine as well.  710 

Figure 37 shows a similar result at TSR=3. When the turbine blade rotates to θ=130º, 711 

the flow separation of the clean turbine is more profound as compared to the turbines 712 

with MVGs A and E again pointing to the benefits of the MVGs on delaying flow 713 

separation. 714 

 715 
Clean turbine 716 
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 717 
                                       Turbine A                                                                                     Trubine E 718 
          Figure 36: Vorticity magnitude comparison of various turbines at θ=120º, TSR=2.5, LES. 719 

 720 
                                                                                      Clean turbine 721 

 722 
                                               Turbine A                                                                                     Turbine E      723 

Figure 37: Vorticity magnitude comparison of various turbines at θ=130º, TSR=3, LES. 724 

The static pressure field is shown in Figure 38 for a blade aerofoil section at θ =90º. As 725 

we can see in this figure, this qualitative comparison shows some significant differences 726 

in the pressure distribution of the various turbines. The area of the region with a low 727 

pressure on the suction side of turbine blade is larger for turbine A and turbine E than 728 

the clean turbine. This corresponds to a larger pressure difference, leading to a larger 729 

moment generation at this azimuth angle for turbines A and E. The result agrees well 730 

with the moment coefficient distribution as Figure 34. The power output of turbine D 731 

is the lowest at θ=90º as compared to the other turbines.   732 
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 733 
Clean turbine 734 

 735 
                                         Turbine A                                                                                       Turbine E 736 

Figure 38: Pressure contour of various turbine blades at θ=90º, TSR=2.5, LES. 737 

4.3.3 Effect of installed angle on the performance of MVGs 738 

Figure 39 shows a comparison between the clean turbine and the turbine with MVGs 739 

of various installed angles in terms of moment coefficient and power coefficient versus 740 

TSR. It is noticeable that the installed angle can affect the aerodynamic performance of 741 

the VAWTs. At low TSR from 1 to 2, the three turbines provide similar performance. 742 

When the TSR increases to 2.5, the power coefficients of turbine A and B follow each 743 

other very closely and produce more power output compared to the clean turbine. MVG 744 

C slightly degrades the power output of the turbine at the medium range of tip speed 745 

ratios of 2 to 3.   746 

 747 

Figure 39: Moment coefficient (right) and power coefficient (left) comparison of different turbines, 748 

LES. 749 

The comparison between these four models in terms of the instantaneous moment 750 

coefficient of a single blade operating at TSR= 2.5 & 3 for one revolution is presented 751 

in Figure 40. At both TSRs, the torques generated from these four turbines are found to 752 

increase with a very similar trend from θ=0º to 80º, which is similar to the models 753 
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discussed before. A discrepancy starts to occur in the clean turbine and turbine C, which 754 

reach the peak value earlier as compared to the other two models. The moment 755 

coefficient for turbine A and turbine B continues to increase before reaching the peak 756 

value at around θ=95º. In the azimuth angle ranging from 80º to 150º, turbines A and B 757 

show a significant improvement in power output.  At TSR=2.5, turbine B achieves the 758 

highest peak value of moment coefficient and at TSR=3, turbine A performs better as 759 

compared to the other models. All models generate a mild negative torque in the second 760 

half revolution and there is no significant difference between them at TSR=3. 761 

 762 

Figure 40: Blade phase-averaged moment coefficient comparison of clean turbine and turbine A, B & 763 

C, TSR=2.5(left) TSR=3(right), LES. 764 

When the blades are at the azimuth angle of 120º, the flow becomes highly separated 765 

due to the high angle of attack, showing a dynamic stall at this stage, which is related 766 

to a sharp torque decrease shown in Figure 39.   767 

Figure 41 shows the distribution of the vorticity at the azimuth angle 135º. From the 768 

visualization of the vorticities, the flow separation is stronger in the clean turbine as 769 

compared to turbines A and B demonstrating the effectiveness of the MVGs. 770 

 771 
                                       Clean turbine                                                                                       Trubine A 772 

 773 
                                          Turbine B                                                                                       Turbine C 774 
                                                                    775 

Figure 41: Mid span vorticity magnitude comparison of various turbines at θ=130 ֩º, TSR=3, LES. 776 
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The static pressure as relative to the atmosphere pressure contour is shown in Figure 777 

42. All blades show similar pattern of largest pressure difference between the pressure 778 

(left) and suction (right) side near the tip as expected from aerofoil aerodynamics. The 779 

effect of the MVGs is clear on the suction side where it is mounted than on the pressure 780 

side. From turbines A and B, we can see that the low pressure region goes further into 781 

the trailing edge than in the clean turbine contributing to high pressure difference and 782 

thus higher lift. However, turbine C blade shows a reduced pressure near the trailing 783 

edge due to the vortex shedding and thus reduced lift as compared to turbines A and B. 784 

Its reduced pressure region near the leading edge. All this contributed to the lower 𝐶𝑚by 785 

turbine C at 𝜃 =90º seen in the Figure 39 (left).  786 

 787 
Clean turbine                                                                                       Trubine A 788 

 789 
                                            Turbine B                                                                                       Turbine C 790 

Figure 42: Mid span pressure contour of various turbine blades at θ=90º, TSR=2.5, LES. 791 

5   CONCLUSIONS 792 

The purpose of the present study was to determine an effective passive flow control 793 

technique to enhance the aerodynamic performance of the NACA 0018 aerofoil 794 

commonly used in the wind industry and an associated H-type vertical axis wind turbine 795 

(VAWT). Firstly, the dynamics of an MVG vane embedded in the boundary layer of a 796 

flat plate was investigated. The time-averaged flow field is found to compare well with 797 

the published experimental results. 798 

Several MVGs of various configurations implemented on the suction side of the aerofoil 799 

and turbine blades are numerically investigated. The results show that MVGs have a 800 

significant effect on both the aerofoil and the turbine as a whole. With the MVGs of a 801 

suitable design, both the lift coefficient and lift-to-drag ratio can be increased at high 802 

angles of attack and the stall angle delayed. The turbine blades with MVGs show a 803 

better capability of power generation in comparison to clean blades, having a potential 804 

impact on future VAWT design. 805 

The following conclusions can be highlighted: 806 
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1. For the isolated aerofoil NACA 0018, the optimum positioning of the MVGs 807 

was found to be at 20% chord length along the suction side of the aerofoil with 808 

a rectangular shape and installed angle of 16º. The stall angle delays to 16º from 809 

14º with the installation of MVGs. The maximum lift is improved by 37.5% 810 

from 0.96 to 1.32, while the drag decrease from to 0.178 to 0.137 at post stall 811 

condition α=18º.  812 

2. For the VAWT, a similar conclusion was obtained. The best performance was 813 

found for turbine A at high TSRs from λ=2.5 to 3.5 in comparison with the other 814 

models.  Among various TSRs, the MVG A has the most significant effect at 815 

TSR=3, where the power coefficient increases by more than 50% to 0.24. This 816 

investigation illustrates that MVGs can be an effective technique for delaying 817 

flow separation control in operating VAWTs at high TSRs.    818 
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