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Abstract 14 

 15 

We present a comprehensive set of two-dimensional (2D) unsteady Reynolds-averaged Navier-Stokes 16 

(URANS) simulations of flow around a pair of counter-rotating vertical-axis wind turbines (VAWTs). The 17 

simulations are performed for two possible configurations of the counter-rotating VAWT pair, with various 18 

gaps between the two turbines, tip-speed-ratios and wind directions, in order to identify key flow 19 

mechanisms contributing to the enhanced performance of a pair of turbines compared to an isolated turbine. 20 

One of the key mechanisms identified, for the case of two turbines arrayed side-by-side with respect to the 21 

incoming wind, is the change of lateral velocity in the upwind path of each turbine due to the presence of the 22 

neighbouring turbine, making the direction of local flow approaching the turbine blade more favourable to 23 

generate lift and torque. The results also show that the total power of a staggered pair of turbines cannot 24 

surpass that of a side-by-side pair of turbines. Some implications of the present results for the prediction of 25 

the performance of single and multiple rows (or a farm) of VAWTs are also discussed. The local flow 26 

mechanisms identified in the present study are expected to be of great importance when the size of the farm 27 

is relatively small. 28 

 29 
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 31 

Introduction 32 

 33 

Following the rapid development of onshore and offshore wind farms in recent years, there is 34 

increasing interest in how to improve the overall performance of multiple wind turbines. Whilst a number of 35 

studies on horizontal-axis wind turbines (HAWT’s) have shown the importance of spacing between the 36 

turbines (as well as the array configuration) to minimise the wake loss, recent studies on a closely spaced 37 

array of vertical-axis wind turbines (VAWT’s) by Dabiri and his team [1-3] have shown the possibility of 38 

achieving a much higher power density (i.e., power per unit farm area) compared to existing wind farms 39 
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employing HAWT’s. During their field measurements in Southern California in 2010 and 2011, Dabiri and 40 

his team [2, 3] tested various configurations of pairs of counter-rotating VAWT’s closely spaced from each 41 

other, inspired by the hydrodynamic mechanism of “fish schooling” minimising the wake loss. The 42 

performance of pairs of counter-rotating VAWT’s has also been investigated numerically by Feng et al. [4] 43 

using a free vortex method with empirical wake models. More recently, Araya et al. [5] has proposed a low-44 

order model of two-dimensional flow past pairs of VAWT’s using the concept of a leaky Rankine body, 45 

showing the existence of two competing fluid dynamic mechanisms (namely the local acceleration of the 46 

flow and local deceleration of the flow) that contribute to the overall array performance.  47 

The exact mechanisms of the enhanced power generation by closely spaced pairs of VAWT’s, 48 

however, are still unclear since these previous studies have not revealed detailed local flow characteristics 49 

around each turbine sufficiently. Hence in this study, we perform a comprehensive set of two-dimensional 50 

unsteady Reynolds-averaged Navier-Stokes (URANS) simulations of a single and a pair of counter-rotating 51 

VAWT’s, to compare detailed local flow characteristics around the turbine blades and thereby identify key 52 

fluid dynamic mechanisms that explain the increased performance of a pair of turbines relative to an isolated 53 

turbine. The simulations are performed for two possible configurations of the counter-rotating turbine pair, 54 

with various gaps between the two turbines, tip-speed-ratios and wind directions. The results show clearly 55 

how, and why, the values of torque generated during the upwind path and downwind path of each turbine are 56 

affected by the presence of the neighbouring turbine. Although this study is concerned with vertical-axis 57 

wind turbines, the majority of the findings and conclusions obtained in this study are applicable to vertical-58 

axis tidal/marine turbines as well. 59 

It should be noted that a number of Computational Fluid Dynamics (CFD) studies of a vertical-axis 60 

turbine using 2D URANS simulations have already been reported in the past. A recent extensive review of 61 

these CFD studies can be found in [6]. A general consensus from these earlier CFD studies is that carefully 62 

designed 2D URANS simulations are capable of predicting the influence of the turbine on the flow around 63 

the turbine as well as the performance of the turbine qualitatively correctly, especially for an H-shape 64 

Darrieus turbine with a high aspect ratio (which helps minimise 3D flow effects). Nevertheless, the majority 65 

of the earlier CFD studies have focused on the performance of a single turbine; investigations into the 66 

interaction of two vertical-axis turbines closely spaced from each other are still limited. 67 

This study is based on the 1.2 kW Windspire VAWT [7], a commercial turbine for micro-generation. 68 

The diameter of the turbine (D) is 1.20 m, the chord length (c) is 0.128 m and therefore the solidity 69 

(σ=B*c/(π*D), where B=3 is the blade number) is 0.10, which is typical for medium-high solidity VAWTs 70 

for urban areas. We chose this turbine for three reasons. The first reason is the availability of experimental 71 

data taken by the manufacturer in an open field, which avoids the need to correct wind tunnel data by taking 72 

into account blockage effects. The second reason is its large aspect ratio (the ratio of blade length to turbine 73 

diameter is 5) that reduces the influence of 3D aerodynamics (associated with blade tip losses), allowing a 74 

comparison of 2D CFD results with the experimental data. The third reason is the possibility of a comparison 75 

with earlier studies in the literature, i.e. this turbine has been used in the aforementioned experimental and 76 
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numerical campaign carried out by Dabiri and his team [1-3] and, more recently, in the numerical analysis by 77 

Feng et al. [4]. 78 

 79 

Model set-up 80 

 81 

We start by constructing a computational domain using the commercial mesh generator ANSYS 82 

ICEM. The size of the computational domain is 57D (35D in upstream, 22D in downstream) along the x-83 

coordinate, and 100D along the y-coordinate, where D is the turbine diameter. The positions of inlet and 84 

lateral boundaries are far enough for the flow to be considered unbounded, i.e., the boundaries have 85 

negligible influence on the characteristics of the flow oncoming the turbine. The position of the outlet 86 

boundary allows a complete wake development. 87 

Two different grid levels are adopted: a fixed sub-grid with the external dimensions of the flow 88 

domain, and one (or two, in case of a turbine pair) rotating sub-grid that includes the VAWT geometry and 89 

allows a relative motion with respect to the fixed grid. This grid arrangement utilises the sliding mesh 90 

technique [8] and allows the simulation of the rotational motion of the turbine with an unsteady Reynolds-91 

averaged Navier-Stokes (URANS) analysis. The grids are everywhere unstructured with the exception of the 92 

region around the blades, where 14 structured layers of quad elements are set to better predict the boundary 93 

layer phenomena. The grids are finer near the blade surface (and in particular where flow separation occurs 94 

due to dynamic stall) and progressively coarser outward. As shown in figure 1 a high density grid is also set 95 

in the near wake region and far downstream to accurately simulate the wake development and any 96 

aerodynamic interferences between the wakes of a turbine pair. 97 

 98 

 99 
FIGURE 1: (left) details of the grid around the blades and (right) in the near/far wake regions (only a part of the whole domain is 100 
shown); different colours indicate the rotating and the fixed sub-grids. 101 
 102 

The number of grid points around the airfoil profile (suction plus pressure sides) is 440.  The wall distance 103 

from the first layer of cells is set at 2.3*10-4c, where c is the blade chord length, resulting in the maximum y+ 104 

(dimensionless wall distance) of less than 3 (except for the trailing edge region, where y+ < 5). The rotating 105 

sub-grid consists of ~120,000 elements (for each one, in case of a turbine pair); the fixed sub-grid consists of 106 

~130,000 and ~150,000 elements for a single turbine and a pair of turbines, respectively. Across the inlet, the 107 

Dirichlet boundary condition is specified with a uniform velocity U0 of 8.0 ms−1. According to typical built 108 
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environments, the turbulence intensity and length scale are set to 4% and 1m, respectively, at the inlet. The 109 

upper and lower boundary conditions are set to a symmetric condition. At the exit boundary, a fixed pressure 110 

equal to the free stream condition is specified. 111 

Computations were performed using the commercial CFD solver ANSYS FLUENT v.15, using its 112 

“pressure-based” segregated solver for the URANS equations. Turbulence is modelled using the k-ω SST 113 

(Shear Stress Transport) model. The principle behind the SST model is the combination of two different 114 

turbulence models: the k–ω model in the inner part of the boundary layer, and the k–ε model in the free-115 

stream. This turbulence scheme was adopted because of its aptitude in cases involving high adverse pressure 116 

gradients and therefore smooth surface separations [9]; it has proved to be particularly efficient for VAWTs 117 

due to its ability to simulate more accurately the vortices that are seen during dynamic stall at low TSR than 118 

the k–ω and k–ε models [10]. The air is considered as incompressible since the operating conditions do not 119 

exceed a local Mach number greater than 0.3. The settings for the simulations are shown in table 1. The 120 

convergence criteria is set at 1*10-4 for all residuals. Thirty turbine revolutions are simulated: for the first 20 121 

rev. a coarse time-step corresponding to 2° azimuthal angle of turbine rotation is used; for the successive 10 122 

rev. a finer time-step corresponding to 0.5° azimuthal angle is used. 123 

 124 

Solver 

Type Pressure-based 

Time Transient 

Solution methods 

Pressure-Velocity coupling PISO 

Spatial discretization 

Gradient Least squares cell based 

Pressure PRESTO! 

Momentum Second order upwind 

Turbulent kinetic energy Second order upwind 

Specific dissipation rate Second order upwind 

Transient formulation 

Second order implicit 

TABLE 1: Settings for the CFD simulations 125 
 126 

Model validation 127 

 128 

The blade profile of the 1.2 kW Windspire VAWT is an asymmetric airfoil DU06W200, designed at 129 

the Delft University of Technology by adding 2% of thickness and a cambering of 0.8% to the symmetric 130 

NACA0018 profile. Experimental force coefficients can be found in the thesis work of Claessens [11]. The 131 

turbine operates with variable angular velocity, Ω, by means of an electronic control system that allows to 132 

maintain the tip speed ratio (TSR=R*Ω/U0, where R=0.6m is the turbine radius) at an optimal value of 2.3 133 

and the power coefficient (CP=P/(0.5*ρ*U0
3*D), where P is the power per meter of blade, and ρ is the air 134 

density) at approximately 0.22. The load is controlled by passive stall: for wind speed lower than 10.6 m/s 135 

(the rated wind speed) the TSR is kept to 2.3, but for higher wind speeds the turbine speed is kept constant 136 
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and thus the TSR decreases leading to stall. The relatively high solidity and the small size of the turbine 137 

justify the low values of both CP and the optimal TSR. In fact the operational average Reynolds number 138 

(Re=c*R*Ω/ν, where ν is the kinematic viscosity) is very low (~160,000 for U0=8 m/s), entailing 139 

considerable flow separation phenomena induced by the high adverse pressure gradient occurring on the 140 

blade suction side (as already discussed in a previous study, [12]). 141 

We performed CFD simulations of an isolated turbine first to verify the numerical model by comparing 142 

results with experimental data. Figure 2 shows a comparison between the calculated and the experimental 143 

values of power and CP versus the wind speed measured at the hub height. Except for very low wind speeds 144 

(that imply extremely low Reynolds numbers) and very high wind speeds (that involve stall), the numerical 145 

results compare well with the measured data; the differences are less than 20%, which is reasonable 146 

considering that the experimental power is the electrical one and the CFD model includes neither the 147 

interferences of shaft and struts nor the blade tip losses. Some additional simulations were made to verify the 148 

grid sensitivity, as reported in the Appendix. 149 

 150 
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 151 

FIGURE 2: (left) Windspire 1.2kW VAWT; (right) comparison between experimental performance [7] and predictions obtained for 152 
the Windspire turbine with ANSYS Fluent CFD software. 153 
 154 

Physical mechanisms of a pair of turbines 155 

 156 

We analyse the behaviour of a pair of counter-rotating VAWTs in close proximity by means of 2D 157 

CFD simulations. Two possible configurations “A” and “B” (see the schematic on figure 3 for the layout 158 

definitions) are considered. All the simulations are performed for a wind speed of 8.0 m/s. Unless otherwise 159 

specified, the distance between the two turbine axes is set at 1.5D and TSR is set at 2.7, which is the TSR 160 

giving the highest power for the turbine pair cases. 161 

A schematic representation of the upwind and downwind paths of the blade in one revolution is given 162 

in figure 3; as usually done, in all graphs illustrating the instantaneous CP for a single blade, the azimuthal 163 

position θ=0 corresponds to the beginning of the upwind path of the blade. It should be observed that a blade 164 

starts its upwind path from the outer side of the configuration in case of A, and from the inner side of the 165 

configuration in case of B. In all comparative analyses of this study the isolated turbine is considered to spin 166 

anticlockwise.  167 
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 169 
                            a                                            b                                             c          170 

FIGURE 3: (a) Definition for the layout of configurations A and B; (b) schematic representation of the upwind and downwind paths 171 
of the blade in one revolution; (c) one-blade CP during one revolution calculated for the isolated (anticlockwise) turbine and for the 172 
anticlockwise turbine in configurations A and B. 173 
 174 

Before quantitatively analysing the performance of counter-rotating VAWT pairs, we highlight some 175 

qualitative features that can be found comparing the streamlines around a pair of VAWTs to those around an 176 

isolated turbine (figure 4). 177 

 178 

 179 

                           a                                                 b                                               c 180 

FIGURE 4: Streamlines coloured with velocity magnitude [1÷10.5 m/s] for the isolated turbine (a), A-pair (b) and B-pair (c); to 181 
facilitate the comparison, only the streamlines starting from grid cells intercepted by the magenta lines (the same for all the pictures) 182 
are shown; white dashed lines indicate the anticlockwise turbines. 183 
 184 

(a) Due to rotation, an isolated turbine shows a slight wake bending; hence the wakes of A-185 

configuration turbines diverge in the lateral (y) direction slightly more than the wakes of B-186 

configuration turbines. 187 

(b) Due to streamwise resistance imposed by the turbine(s), flow tends to accelerate outside of each 188 

turbine (as with an ideal actuator disc). In case of A, however, flow accelerates more significantly 189 

through the gap between the two turbines, whereas in case of B, the flow acceleration between the two 190 

turbines is less pronounced. The difference between A and B lies in the direction of the velocity 191 

induced by the rotors (which is concordant with the wind direction for A and discordant for B). As a 192 

result, more flow tends to go outside of the two turbines for B than for A.  193 

(c) The streamlines approaching the turbines at the inner sides of the configuration are constrained 194 

parallel to the configuration symmetry plane, whereas for an isolated turbine the flow is induced to 195 

diverge at both sides.  196 
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(d) A significant wake contraction is observed at the inner sides of configuration (the width of the 197 

inner half of a wake appears noticeably reduced). The outer half of the wake does not change 198 

appreciably. 199 

We examined x and y-components of the flow velocity upstream the turbines (on U-curve), near-200 

downstream (on D1-curve) and far-downstream (on D2-line). The results are plotted in figure 5 (results 201 

concerning D2-line are omitted for brevity) together with velocity magnitude maps and curve setting. The 202 

velocity values for the isolated turbine are shifted along y-coordinate to facilitate the comparison with the 203 

turbine belonging to the A and B configurations and spinning in the same rotational direction. Also, the 204 

velocities and distances have been non-dimensionalised by the velocity at the inlet, U0, and the rotor 205 

diameter, D, respectively. It should be noted that: (1) the decrease of x-velocities on U-curve suggests a 206 

reduction of the flow rate through the turbines, especially for the B-pair; (2) y-velocities are greatly reduced 207 

during the early upwind path for B and during the late upwind path for A (namely, at the inner sides of the 208 

configuration); and (3) as a consequence of the reduced flow rate through the turbines, a moderate increase 209 

of y-velocities occurs during the early upwind path for A and during the late upwind path for B (namely, at 210 

the outer sides of the configuration). 211 
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FIGURE 5: (a) Velocity magnitude maps [1÷10.5m/s] for the isolated turbine and for the side-by-side A and B configurations, and 212 
the curves set to compare the velocity components; (b) dimensionless x-velocity on U-curve; (c) dimensionless y-velocity on U-213 
curve; (d) dimensionless velocity magnitude on D1-curve. Results refer to a particular time step of the unsteady solution (blades at 0°, 214 
120° and 240° azimuthal degrees). 215 
 216 

The velocity plots in figure 5 can explain the power increase in the upwind path and in the downwind 217 

path achieved with both configurations A and B with respect to the isolated turbine, shown by the one-blade 218 

instantaneous CP graph in figure 3. The gain in the upwind path comes from an extension of the azimuthal 219 
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range in which torque is generated; in particular the torque generation ends later for A and begins earlier for 220 

B. Importantly, this range extension is correlated to the suppression of y-velocity component (or the 221 

component diverging from the turbine axis) in the flow approaching the blade at the inner sides of 222 

configuration, as will be illustrated below. 223 

To justify how the suppression of y-velocity in the flow approaching the blades during the upwind path 224 

can increase torque generation, we compare local flow characteristics around a blade for an isolated turbine 225 

and a turbine in B-configuration at an azimuthal position θ=40° (beginning of the upwind path). Figure 6 226 

depicts absolute and relative (or apparent) streamlines. It can be seen that the aerodynamic interaction 227 

between the two turbines of the B-configuration modifies the direction of the absolute flow approaching the 228 

blade and therefore the direction of the apparent flow (namely, the flow observed from the rotating blade). 229 

As a consequence, for the turbine belonging to the B-pair there is a component of lift in tangential direction 230 

(responsible for torque generation), whereas for the isolated turbine there is not. 231 

 232 
             a                             b                                         c                                        d 233 

 234 
             e                             f                                         g                                        h 235 

FIGURE 6: Isolated turbine vs. B-configuration: (a, e) velocity magnitude maps [1÷11m/s]; (b, f) absolute and (c, g) apparent 236 
streamlines for the flow around the blade at θ=40° (blue and green arrows indicate the direction of absolute and apparent flows, 237 
respectively; brown arrows indicate the direction of the lift force); (d, h) absolute pressure maps [-250÷170 Pa]. 238 

 239 

The absolute pressure maps for B-configuration show a greater pressure difference between the pressure and 240 

the suction sides of the blade and therefore a higher lift, confirming the better performance achievable with a 241 

pair of counter-rotating turbines in B-configuration at 40° azimuth. It should be noted that this result is 242 

obtained despite a lower flow rate (lower x-velocities) for B-configuration, demonstrating the importance of 243 

the direction of the flow approaching the blade. Qualitatively similar results were observed comparing a 244 

turbine in A-configuration with an isolated turbine during the late upwind path (not shown here for brevity). 245 

The power gain observed in the downwind path by both configurations with respect to the isolated 246 

turbine (see CP graph in figure 3) is more difficult to interpret, but it appears to be largely due to higher flow 247 

rates occurring in the near-downstream (as proved by velocity magnitude monitored on D1-curve) as a 248 

consequence of the wake contraction. This happens because at the inner sides of the configuration the flow 249 
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through the downwind path is prevented to diverge laterally (as it would happen at both sides of an isolated 250 

turbine) by the presence of the second turbine, and thus it is constrained parallel to the configuration 251 

symmetry plane, accompanied by a contraction of the wake width. 252 

We can conclude that if the turbines are aligned side-by-side, two physical mechanisms are responsible 253 

for the enhanced performance of counter-rotating VAWT pairs: (1) y-velocity suppression in the upwind path 254 

that makes the direction of the flow approaching the blade more favourable to generate lift and torque, and 255 

(2) wake contraction in the downwind path. 256 

 257 

Effect of staggering the two turbines 258 

 259 

Do these mechanisms also occur in case of staggered pairs? We investigated the behaviour of 260 

staggered A and B pairs with distances between turbine axes Δx=1.5D and Δy=1.5D. Results are depicted in 261 

figures 7 and 8. The instantaneous one-blade CP graphs in figure 7 show a significant performance 262 

improvement for the downstream turbine for both A and B pairs and also a (less significant) performance 263 

deterioration for the upstream turbine for the B pair.  264 

 265 

   

-0.10

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 30 60 90 120 150 180 210 240 270 300 330 360

azimuthal position, θ

o
n

e
 b

la
d

e
 i

n
s
ta

n
ta

n
e
o

u
s
 C

P

isolated turbine

upstream A

downstream A

 

-0.10

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 30 60 90 120 150 180 210 240 270 300 330 360

azimuthal position, θ

o
n

e
 b

la
d

e
 i

n
s
ta

n
ta

n
e
o

u
s
 C

P

isolated turbine

upstream B

downstream B

 266 

FIGURE 7: Instantaneous one-blade CP for the upstream and the downstream A turbines (left) and for the upstream and the 267 
downstream B turbines (right), compared to the isolated turbine. 268 
 269 

The mechanism responsible for the good performance of the downstream turbine, however, is rather different 270 

from that found for side-by-side pairs. Here the dominant mechanism is an effect of the upstream turbine 271 

blockage. In particular, the high flow rate occurring at the sides of the upstream turbine contributes to the 272 

peak CP of the downstream turbine that is considerably higher than that of the isolated turbine (without the 273 

extension of the azimuthal range producing torque observed for the side-by-side configurations). Moreover, 274 

most of the power gain, with respect to the isolated turbine, is generated in the upwind path. Reasons for 275 

these results can be found by looking at the plots of the flow velocity monitored on U and D1 curves in figure 276 

8; the values for the isolated turbine are shifted along y-coordinate and also mirrored (duplicated) to facilitate 277 

the comparison with the turbines spinning in the same rotational direction. X-velocities on U-curve confirm 278 

the much higher flow rate in front of the downstream turbines, whereas y-velocities are quite similar to that 279 

calculated for the isolated turbine. Velocity magnitudes on D1 curve exhibit only a slight increase and 280 

indicate the absence of any wake contraction for the downstream turbine. There results suggest that both y-281 
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velocity suppression and wake contraction beneficial mechanisms occur only when the turbines are aligned 282 

side-by-side. 283 

Meanwhile, the poorer performance found for the upstream B-turbine can be explained by considering 284 

the convergent wake bending, i.e. a shorter distance between the two turbine wakes for the B-pair compared 285 

to that for the A-pair. Due to the presence of the downstream turbine preventing a complete wake 286 

development, the flow rate through the upstream turbine is reduced, as shown by the reduction of the x-287 

velocity values on U-curve in figure 8. It should be noted that for the staggered B-pair the x-velocity 288 

reduction is observed across the entire width of the upstream turbine, whereas for the side-by-side B-pair the 289 

x-velocity reduction is observed only on the inner side of the upstream turbine, as shown earlier in figure 5. 290 

As will be shown later, the convergent wake bending of B-pairs will also be responsible for an earlier 291 

performance drop for the downstream turbine when the y-distance between the turbine axes is gradually 292 

shortened, since the downstream turbine will be in the wake of the upstream turbine more likely for the B-293 

pair than for the A-pair. 294 
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FIGURE 8: (a) Velocity magnitude maps [1÷10.5m/s] for the isolated turbine and for the staggered A and B configurations, and the 295 
curves set to compare the velocity components; (b) Dimensionless x-velocity on U-curve; (c) Dimensionless y-velocity on U-curve; 296 
(d) Dimensionless velocity magnitude on D1-curve. Results refer to a particular time step of the unsteady solution (blades at 0°, 120° 297 
and 240° azimuthal degrees). 298 
 299 
 300 

Effect of TSR 301 

 302 

Before discussing the effects of TSR on a turbine pair, the effects on an isolated turbine are briefly 303 

illustrated. As can be seen on the velocity magnitude maps in figure 9, an increase in TSR leads to a 304 
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reduction of the turbine permeability, making the turbine more and more similar to a bluff body (as revealed 305 

by the wake shortening and the growth of wake instabilities far downstream). 306 

 307 

 308 
                                a                                             b                                            c 309 

FIGURE 9: Velocity magnitude maps [1÷10.5m/s] for the isolated turbine at TSR=2.3 (a), 2.7 (b), 3.2 (c). 310 

 311 
The permeability reduction mainly involves two effects observed in the plots of the velocity 312 

components upstream the turbine (on U-curve) reported in figure 10: a reduction of the flow rate through the 313 

turbine (see the x-velocity decreasing) and an increasing of the flow rate at the turbine sides (see the increase 314 

of x- and, especially, of y-velocities). As noticeable in the graph of the instantaneous CP in figure 10, the 315 

former is responsible for a torque decrement throughout the downwind path of the blade, whereas the latter is 316 

responsible for a delay in torque production during the upwind path.  317 

 318 
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                                               a                                      b                                        c 320 
FIGURE 10: Dimensionless x-velocity (a) and dimensionless y-velocity (b) calculated on U-curve for the isolated turbine at 321 
TSR=2.3, 2.7, 3.2; (c) one-blade instantaneous CP during one revolution, calculated for the isolated turbine at TSR=2.3, 2.7, 3.2. 322 
Results in (a) and (b) refer to a particular time step of the unsteady solution (blades at 0°, 120° and 240° azimuthal degrees). 323 
 324 

It should also be noted that, as already mentioned earlier, the turbine studied here is characterised by a 325 

relatively worse performance because of low operational Re that, especially at low TSR (as TSR=2.3), 326 

generates flow separation and dynamic stall. Yet, flow separation is moderate at TSR=2.7 and it completely 327 

disappears at TSR=3.2; this explains the growth of the CP peak value and its occurrence at larger azimuthal 328 

angles as the TSR increases. 329 

Now we look at the effects of TSR on a (non-staggered) pair of turbines. As can be seen from the 330 

graph in figure 11, both configurations A and B yield a relative power gain (referring to the turbine spinning 331 

at the same TSR) especially at higher TSR. It can also be seen that A-configuration gives a better 332 

performance than B-configuration. 333 
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FIGURE 11: CP versus TSR, calculated for the isolated turbine and for A and B-configurations. 336 
 337 

The following analysis is focused on A-configuration since its better performance relative to B-338 

configuration makes possible a clearer description. To physically explain the increase of power gain obtained 339 

(relatively to the isolated turbine) as the TSR increases, we first show that the permeability reduction found 340 

for the isolated turbine is even emphasized in case of a pair of turbines. This can be seen from the velocity 341 

magnitude maps in figure 12. 342 

 343 

 344 
                                    a                                         b                                        c 345 

FIGURE 12: Velocity magnitude maps [1÷10.5m/s] for A-configuration, calculated at TSR=2.3 (a), 2.7 (b), 3.2 (c). 346 
 347 

To further investigate the effects of TSR, x- and y-velocity components upstream of the turbines at 348 

TSR=2.3, 2.7, 3.2 are presented in figure 13. Here we can see that an increase in TSR accentuates three main 349 

effects on the interactions between the two turbines. Firstly, as the TSR increases the permeability decreases 350 

with respect to the isolated turbine (as recognized by the decrease of x-velocity upstream of the turbines). 351 

Secondly, following the permeability reduction, higher flow rates occur at the outer sides of the 352 

configuration (as recognized by the x- and y-velocities increasing at the outer sides). Higher values of y-353 

velocity at the outer sides (with respect to the isolated turbine) delay the torque production at the beginning 354 

of the upwind path (which means that the torque production starts later as the TSR increases). Thirdly, a 355 

drastic reduction of y-velocity upstream of the turbines at the inner sides of the configuration occurs as the 356 
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TSR increases, resulting in a significant extension of torque production during the late part of the upwind 357 

path. This last effect seems the main cause for the increase of the relative power gain with TSR, as will be 358 

described below. 359 

 360 
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FIGURE 13: Dimensionless x-velocity (a, b, c) and dimensionless y-velocity (d, e, f) calculated at TSR=2.3, 2.7, 3.2 on U-curve for 362 
the isolated (anticlockwise spinning) turbine and for the upper (anticlockwise spinning) turbine of A-configuration. Results refer to a 363 
particular time step of the unsteady solution (blades at 0°, 120° and 240° azimuthal degrees). 364 
 365 

In figure 14 a comparison of the one-blade instantaneous CP curves for A configuration and for the isolated 366 

turbine is presented for three TSR values, together with the percentages of power gains achieved during the 367 

upwind and downwind paths.  368 

 369 
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 371 

 372 

 373 

      374 
                             a                                                b                                             c 375 

FIGURE 14: One-blade instantaneous CP during one revolution calculated for the isolated turbine and for A-configuration at 376 
TSR=2.3 (a), 2.7 (b), 3.2 (c); percentages of power gains with respect to the isolated turbine spinning at the same TSR are reported. 377 
 378 
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It is interesting to observe that the percentage of power gain obtained in the upwind path increases more and 379 

more as the TSR increases. However, as also well known from the actuator disk theory, the absolute 380 

maximum power is not obtained at the highest TSR since a too high TSR dramatically reduces the flow rate 381 

through the turbine, leading to excessively low wind speed in the downwind path (as already seen in the 382 

velocity maps in figure 12) and consequently to even negative torque in the downwind path (as noticeable in 383 

the one-blade instantaneous CP graphs). Thus the best compromise between the upwind and downwind 384 

torque productions is achieved at TSR=2.7, as already shown in figure 11. 385 

To conclude this section we remark that, although the physical mechanisms responsible for the power 386 

increasing in the upwind and downwind paths are expected to be valid for many different types of vertical 387 

axis (wind and tidal) turbines, the superiority of one configuration (A or B) and the benefit repartition 388 

between the upwind and downwind paths may depend on the turbine solidity and the fluid properties (air or 389 

water).  390 

 391 

Effects of wind direction and distance between turbines 392 

 393 

Wind direction (γ) does not affect the power of an isolated VAWT, but does affect the power of a pair 394 

of VAWTs. The graph in figure 15 shows the effect of wind direction on the normalised power coefficient K 395 

(defined as the ratio of the turbine’s CP to the isolated turbine’s CP) predicted for the anticlockwise (ACW) 396 

turbine. Note that this turbine pair can be seen as A-configuration or B-configuration, depending on the wind 397 

direction.  The distance between the turbine axes is 2D and TSR is 2.7 for both turbines, which corresponds 398 

to the optimal TSR found for a pair of turbines placed side-by-side, whereas the TSR for the reference 399 

isolated turbine is 2.55, which corresponds to the optimal TSR found for the isolated turbine. At γ=270° the 400 

ACW turbine is located directly downstream of the clockwise (CW) turbine; for this wind direction the K 401 

value is not calculated, i.e. we assume the turbine is stopped (CP=0) since the absolute wind speed oncoming 402 

the turbine is below the cut-in limit. 403 

 404 
FIGURE 15: (left) turbine layout; (right) normalised power coefficient (K) of the ACW turbine versus wind direction γ. 405 
 406 
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The graph reveals that the turbine performance in the γ range [112.5°-180°-247.5°] is better than in the γ 407 

range [292.5°-0°-67.5°]. This is related to the difference in the bending of two turbine wakes in these two γ 408 

ranges, i.e. convergence or divergence of the two wakes, as depicted in figure 16. 409 

 410 

 411 

FIGURE 16: normalised power coefficient (K) values and velocity maps in the range [1÷10.5 m/s] calculated at γ=45°, 67.5°, 112.5°, 412 
135°. 413 

 414 

From this figure it can be observed that at γ=45° and γ=67.5° the turbines work as in the staggered-B 415 

configuration, whereas at γ=112.5° and γ=135° the turbines work as in the staggered-A configuration. We 416 

remark two key findings: (1) the performance of the turbines in A configurations is better than the 417 

performance of the turbines in the corresponding B configurations; and (2) with the exception of γ=67.5°, the 418 

performance of the downstream turbine is better than the performance of the upstream one. Both these results 419 

can be explained by the reasons already discussed earlier for the effect of staggering. The poor performance 420 

of the upstream turbine at γ=67.5° (when the convergence of the wakes occurs) is due to the backpressure 421 

generated by the downstream turbine that, by preventing a complete development of the wake, causes a 422 

reduction of the flow rate through the upstream turbine.  423 

As the upstream turbine is affected by a lower local wind speed, it could be useful to reduce its TSR 424 

(for instance, down to 2.55, which is the optimal value found for the isolated turbine) with keeping the 425 

original TSR of 2.7 only for the downstream turbine (except for the cases with γ=0° and 180°, where the two 426 

turbines are side-by-side). The graphs in figure 17 show the effects of the TSR choice on the performance of 427 

the ACW turbine and also on the average performance of the two turbines. For completeness the predictions 428 

obtained by setting TSR=2.55 for both turbines (upstream and downstream) are also presented. The distance 429 

between the axes is set to 2D. These results suggest that, for a given wind direction, the best performance is 430 

obtained by setting an appropriate TSR for each of the two turbines separately.  431 

 432 
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FIGURE 17: Graphs of the normalised power coefficient (K) versus wind direction in case of different rotational speed strategies, for 434 
the ACW turbine (left) and averaged of the two turbines (right). Note: the low values of the averaged K at γ=90°/270° are due to the 435 
assumption that only the upstream turbine is working. 436 

 437 

Finally, the graphs in figure 18 illustrate the effects of the distance between the turbine axes on the 438 

performance of the ACW turbine and also on the average performance of the two turbines.  Four distances 439 

are considered: 1.5D, 2D, 2.5D and 3D. TSR is set at 2.55 or 2.7 depending on the relative position of each 440 

turbine for each wind direction. At short distances (1.5D and 2D) the performance is poor for the wind 441 

directions that entail the downstream turbine to be located in the wake of the upstream turbine. This occurs at 442 

γ=247.5°/292.5° for the ACW turbine and, by symmetry, at γ=67.5°/112.5°/247.5°/292.5° for the overall 443 

configuration. Yet for these wind directions the average power loss with respect to the isolated turbine is 444 

quite small at longer distances, especially at a distance of 3D.  445 

 446 
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FIGURE 18: Graphs of the normalised power coefficient (K) versus wind direction at different distances between axes, for the ACW 448 
turbine (left) and averaged of the two turbines (right). Note: the low values of the averaged K at γ=90°/270° are due to the 449 
assumption that only the upstream turbine is working. 450 
 451 

 452 
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Interestingly, for the side-by-side situation (γ=0° and 180°) the effect of the turbine distance is much less 453 

significant; hence a distance of 3D appears to be the best overall choice for varying wind directions. It is also 454 

important to observe that, although a staggered pair cannot surpass the performance of a side-by-side pair, 455 

for wind directions entailing the A-pair situation a distance of 3D yields nearly the same average 456 

performance as that for the side-by-side pair for a wide range of γ (more than 90°). 457 

 458 

Discussion 459 

 460 

The 2D CFD analysis performed in this study has explained several important flow mechanisms 461 

regarding the performance of a counter-rotating pair of VAWTs. In this section we discuss some 462 

implications of the current CFD results for the prediction of the performance of two typical types of VAWT 463 

arrays and also the limitations of 2D CFD analysis for each scenario. The two scenarios to be discussed are: 464 

(1) a single lateral row of VAWTs with each turbine counter-rotating with respect to neighbouring turbines; 465 

and (2) multiple rows (or a farm) of counter-rotating VAWTs. 466 

For the first scenario, we can expect that the performance of such a single lateral row of VAWTs will 467 

be explained largely by the flow mechanisms investigated in this study for a pair of counter-rotating turbines. 468 

This is because, as long as each turbine in the row is counter-rotating with respect to neighbouring turbines, 469 

the local flow field created between any two neighbouring turbines will be similar to either A- or B-470 

configuration investigated in this study. One important implication here is that the mechanisms of enhanced 471 

power generation by such a single row of VAWTs are a little more complex than the so-called “local 472 

blockage effect” explained by the actuator disk theory [13]. As described earlier, the power generated in the 473 

upwind path of a VAWT is affected significantly by the local velocity in the lateral (y) direction, which 474 

cannot be explained by the 1D actuator disk theory. It should be noted that the 2D CFD analysis performed 475 

in this study also has some limitations compared to a full 3D analysis. Presumably the most important 476 

limitation is that the recovery rate of turbine wakes predicted by 2D CFD, especially in the far-wake region, 477 

is usually lower than a full 3D case due to the lack of vertical mixing. However, for the case of a single row 478 

of VAWTs, we can expect that the details of far-wake mixing will not affect the local flow characteristics 479 

around each turbine (except when the wind direction is close to γ=90°/270°, where turbines will be in the 480 

wake of other turbines). This means that the local flow mechanisms explained by the current 2D CFD are of 481 

direct relevance to the performance of a single row of VAWTs, as long as the aspect ratio of each turbine 482 

(the ratio of the blade length to the rotor diameter) is large enough to neglect the blade tip effects. 483 

For the second scenario, where turbines are arrayed not only in the lateral but also in the stream-wise 484 

directions to form a VAWT farm, the local flow mechanisms investigated in the current 2D CFD are still 485 

expected to be of some importance. The performance of turbines in the most upstream part of the farm may 486 

still be explained in a similar manner to the single row case, although that in the downstream part of the farm 487 

would be affected by the details of far-wake mixing behind each turbine and also by the reduction of overall 488 

flow rate through the entire farm due to the transfer of momentum in the vertical direction, which cannot be 489 

predicted by a 2D analysis. It should be noted that the importance of the local flow mechanisms to the 490 
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overall performance of the farm is likely to depend on the size of the farm. For a relatively small farm with 491 

only a few rows of VAWTs, we can presume that the local flow mechanisms investigated in this study would 492 

still be of dominant importance, since the majority of the turbines in the farm would not be significantly 493 

affected by the wake of other turbines. For a much larger farm, however, the local flow mechanisms would 494 

be of less importance, since the majority of the turbines in the farm would be in the wake of other turbines as 495 

well as be influenced by the reduction of overall flow rate through the farm. In such a large farm, the main 496 

benefit of employing counter-rotating VAWTs could be that the wake loss is reduced and thus a high-speed 497 

flow is maintained throughout the farm, as suggested by Dabiri [2], in analogy with the mechanism of “fish 498 

schooling”. The recent study by Araya et al. [4] aims to describe approximately the mechanism of this farm-499 

power enhancement using a low-order flow model; however the model is 2D and is therefore not capable of 500 

predicting the reduction of overall flow rate through the farm correctly. Further investigations are required to 501 

understand the performance of such a large VAWT farm. 502 

 503 

Conclusions 504 

 505 

In this study we have performed an extensive and detailed 2D CFD analysis of flow around a pair of 506 

counter-rotating VAWTs to identify the local flow mechanisms contributing to their enhanced power 507 

generation performance compared to an isolated VAWT. The analysis was performed for two possible 508 

configurations of the counter-rotating turbine pair (namely A and B configurations) with various gaps 509 

between the two turbines, tip-speed-ratios and wind directions. 510 

For the case of two turbines arrayed side-by-side with respect to the incoming wind (i.e. wind direction 511 

γ=0°/180°), we have found two key mechanisms contributing to the power increase: (1) change of lateral (y) 512 

velocity in the upwind path due to the presence of the neighbouring turbine, making the direction of local 513 

flow approaching the blade more favourable to generate lift and torque in the upwind path; and (2) 514 

contraction of the wake in the downwind path, again due to the presence of the neighbouring turbine, making 515 

a larger momentum flux available for power generation in the downwind path. The balance between the two 516 

mechanisms (in terms of their contributions to the overall power increase) has been found to depend on the 517 

tip-speed-ratio as well as on the configuration type (A or B). 518 

For the case of two turbines arrayed in a staggered pattern with respect to the incoming wind, we have 519 

observed that a larger power tends to be generated by the downstream turbine than by the upstream turbine 520 

(unless the downstream turbine is in the wake of the upstream turbine). This is essentially due to the 521 

upstream turbine blockage, making a high-speed flow available to the downstream turbine. However, the 522 

total power of a staggered pair of turbines cannot surpass that of a side-by-side pair of turbines. The total 523 

power of a pair of turbines decreases significantly when the wind direction is close to γ=90°/270°, and the 524 

value of γ at which this significant power decrease occurs depends on the configuration type (A or B). The 525 

power tends to remain high for the A-configuration, i.e. when the velocity induced between the two turbines 526 

is concordant with the wind direction, since the two turbine wakes in this configuration tend to diverge from 527 

each other and hence the downstream turbine is less likely to be in the wake of the upstream turbine. 528 
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Finally, we have also discussed some implications of the current 2D CFD results for the prediction of 529 

the performance of two typical types of VAWT arrays, namely a single row of counter-rotating VAWTs and 530 

multiple rows (or a farm) of counter-rotating VAWTs. For the former case, we can expect that the 531 

performance of such a single row of VAWTs will be explained largely by the local flow mechanisms 532 

investigated in this study, since the local flow field created between any two neighbouring turbines in such a 533 

single row will be similar to either A- or B-configuration studied here. For the latter case, the flow 534 

mechanisms investigated in this study are still expected to be of some importance, especially when the farm 535 

size is relatively small. As the farm size increases, however, the overall performance of the farm would 536 

depend more and more on the details of far-wake mixing of each turbine and also on the reduction of overall 537 

flow rate through the farm due to the transfer of momentum in the vertical direction, which cannot be 538 

assessed by 2D CFD. Further investigations are therefore required to understand the performance of such a 539 

large VAWT farm. 540 

 541 

Appendix 542 
 543 

All simulations described in the paper were performed with a reasonably fine grid (grid (1)); y+ is less 544 

than 3 except for the trailing edge, where few elements with y+ ~ 5 appear due to the difficulty to generate 545 

regular and small quad elements on a sharp trailing edge. To investigate the grid sensitivity, some 546 

simulations are repeated with a new grid (grid (2)) employing a rounded trailing edge, with a radius of 0.5% 547 

of the chord length, allowing the regular growing of quad elements all around the trailing edge, and a smaller 548 

wall distance from the first layer of cells, resulting in y+ < 0.5 all around the blade.  An additional finer grid 549 

(grid (3)), characterised by a greater number of elements on the blade profile and on the interface between 550 

steady and rotating domains, is also tested. The main grid features are summarised in table 2. 551 

 552 

Case 

name 
y+ 

Nodes on 

blade 

profile 

Nodes on 

rotating 

interface 

Cells in each 

rotating domain 

Total domain cells 

for the isolated 

turbine case  

Total domain 

cells for the 

turbine pair case 

Grid (1) < 3 440 720 117000 246000 383000 
Grid (2) < 0.5 440 720 131000 260000 411000 
Grid (3) < 0.5 700 1200 246000 385000 666000 

TABLE 2: Main features of the grids adopted for the grid sensitivity study. 553 
 554 

Simulations are performed for the isolated turbine and for the A-pair (with a distance between axes of 1.5D) 555 

with a TSR of 2.7 (the optimal TSR in case of the pair configuration). Results show that, for both isolated 556 

turbine and A-pair cases, a slightly lesser flow separation during the upwind path is observed with grid (2) 557 

than with grid (1), and with grid (3) than with grid (2). Correspondingly, a slightly greater pressure 558 

difference between the suction and the pressure sides of the blade is observed with a slightly lesser flow 559 

separation during the upwind path. Eventually, the instantaneous one-blade CP variations depicted in figures 560 

19 and 20 show that the grid refinements lead to a slightly greater maximum power. 561 

 562 
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 563 

FIGURE 19: Effect of grid refinement on the instantaneous one blade CP in the case of isolated turbine. 564 
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 566 

FIGURE 20: Effect of grid refinement on the instantaneous one blade CP in the case of A-pair. 567 
 568 

Case 

name 

CP 

isolated 

turbine 

CP  
pair 

power ratio: 
CP,pair/CP,isolated 

((power ratio)-(power ratio)grid(1)) / (power 

ratio)grid(1) 

Grid (1) 0.274 0.321 1.171 - 
Grid (2) 0.287 0.336 1.172 0 % 
Grid (3) 0.300 0.348 1.160 -0.94 % 

TABLE 3: Main results of the grid sensitivity study. 569 
 570 

Table 3 summarises the turbine performance obtained in terms of the absolute CP and of the “power ratio”, 571 

i.e. normalised power gain for the A-pair case with respect to the isolated turbine case. The results obtained 572 

with the grid (3) are considered to be more accurate in terms of the absolute turbine performance, but require 573 

much more computational resources than the grids (1) and (2). Yet, the most important conclusion from this 574 

grid sensitivity study is that, despite the non-negligible effects of y+ and element size on the absolute turbine 575 

performance, there are no significant effects on the power gain for the turbine pair with respect to the 576 

isolated turbine. Since the main focus of the present paper is on the behaviour of a pair of turbines compared 577 

to the behaviour of the isolated turbine, even grid (1) can be considered sufficiently accurate. 578 

 579 
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