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Abstract 

Vertical-axis wind turbine (VAWT) clusters have been investigated extensively owing to their 

positive aerodynamic interactions. However, accurate predictions of the flow field and power output 

of each rotor in VAWT clusters using high-fidelity computational fluid dynamics (CFD) remains 

computationally expensive. In this study, we propose a fast computation method for the flow field 

and operating state of each rotor of VAWT clusters using temporally and spatially averaged velocity 

data compressed from an unsteady velocity field obtained via a 3D-CFD simulation of an isolated 

single rotor. First, the unsteady 3D flow field in the 3D-CFD simulation is time averaged over several 

revolutions. Next, the temporally averaged velocity is spatially averaged in the vertical direction to 

obtain spatially compressed data. Based on a previously developed fast computation framework, the 

wind-farm flow field is constructed using condensed two-dimensional velocity data obtained from a 

single turbine. The proposed method is applied to three-rotor configurations, and the rotational 

speeds of the turbines are compared with wind-tunnel measurements. The results show that the 

proposed method substantially improves prediction accuracy while maintaining a low 

computational cost. Additionally, it can be used to efficiently design and optimize turbine layouts in 

VAWT wind farms. 

Keywords: wind energy; vertical-axis wind turbine; fast computation; condensed velocity data; wind 

farm; turbine-cluster; gap dependence 

 

1. Introduction 

The realization of a decarbonized society requires the rapid and large-scale deployment of 

renewable-energy technologies. Among various renewable-energy sources, wind energy is 

particularly important owing to its technological maturity, low cost, and applicability to both onshore 

and offshore installations [1,2]. Currently, large horizontal-axis wind turbines (HAWTs) dominate 

the commercial wind-energy market owing to their high power-conversion efficiency and well-

established design methodologies. However, the installation of large HAWTs typically excludes 

urban or geographically constrained regions because of land availability, visual impact, noise 

concerns, and complex infrastructure requirements [3,4]. 
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By contrast, vertical-axis wind turbines (VAWTs), particularly small-scale VAWTs, are expected 

to serve as distributed power-generation systems. Small VAWTs possess several inherent advantages 

over HAWTs, including insensitivity to the wind direction in terms of power generation (for a single 

turbine), a simplified mechanical structure, reduced noise emissions, and ease of installation and 

maintenance [5]. These characteristics render small VAWTs suitable for urban environments, regions 

where large equipment cannot be transported easily, and locations with highly variable wind 

directions. However, when operated as stand-alone turbines, small VAWTs incur a relatively high 

cost per unit power output, thus limiting their widespread adoption. To promote the deployment of 

VAWTs, researchers have recently focused on closely spaced VAWT clusters, which feature multiple 

turbines arranged in compact configurations [6–10]. Unlike HAWT wind farms, which require large 

inter-turbine spacings to mitigate wake losses, VAWTs can be placed much closer together. Several 

studies have demonstrated that, under certain configurations, aerodynamic interactions between 

neighboring VAWTs yield constructive wake effects, thereby increasing the power output per turbine 

and the power density per unit land area [11]. 

Despite these promising findings, accurately predicting aerodynamic interactions within VAWT 

clusters remains a significant challenge. The flow field around a VAWT is inherently unsteady, three-

dimensional (3D), and accompanied by complex wake structures caused by dynamic stalls, blade–

vortex interactions, and related phenomena [12,13]. High-fidelity computational fluid dynamics 

(CFD) simulations [14] can accurately capture these effects. However, the computational cost 

increases with the number of turbines, thus rendering full three-dimensional computational fluid 

dynamics (3D-CFD) simulations impractical for the flow-field analysis and layout optimization of 

large VAWT wind farms [10]. 

Hence, researchers have applied wake models originally developed for HAWTs to optimize 

turbine placement in VAWT wind farms [15–17]. Although these approaches may be effective when 

turbines are sufficiently separated, they are based on fundamentally different wake characteristics 

and are thus likely to exhibit reduced accuracy when VAWTs are closely spaced. 

Hara et al. [18] proposed a fast computation method for the flow field and power output of each 

rotor in VAWT wind farms by efficiently representing turbine interactions through the superposition 

of two-dimensional computational fluid dynamics (2D-CFD) data of a single VAWT rotor. 

Subsequently, Moral et al. demonstrated that the results of this approach are independent of the order 

in which turbines are computed and thus proposed an improved fast computation method (method-

2 in [19] is named the improved fast computation method (IFCM) in this study). However, when the 

IFCM was applied to predict the rotational speeds of a realistic 3D miniature turbine cluster (three 

turbines in parallel) tested in a wind tunnel, the predictions underestimated the experimental results 

for short rotor spacings, even when the single-turbine flow data used as the basis of the flow 

reconstruction were replaced with velocity distributions measured at the equatorial plane using a 

hot-wire anemometer [20]. In this case, the relative trends of rotational speeds of the three turbines 

differed from those in the experiments. By contrast, when 2D-CFD data were used, the rotational 

speeds were overestimated for short spacings, although the relative ordering of the turbine rotational 

speeds was similar to experimental observations. These results indicate the necessity of incorporating 

3D-CFD information. 

Accordingly, the present study performs unsteady 3D-CFD simulations of the flow field around 

a single miniature turbine (diameter D = 50 mm) used in previous wind-tunnel experiments [21] to 

obtain time-averaged flow fields. Based on the resulting 3D steady velocity field, the vertical averages 

of the horizontal velocity components were computed within a layered volume encompassing the 

rotor height to construct a condensed two-dimensional (2D) velocity field. The objective of this study 

is to demonstrate that using this compressed 2D dataset as input to the previously developed in-

house software, VAWTWF, based on the IFCM, improves the prediction accuracy for realistic VAWT 

clusters. The predicted rotational speeds are compared with wind-tunnel measurements obtained for 

three types of closely spaced miniature turbines configurations: three turbines in parallel [22], three 

turbines in tandem [23], and an equilateral triangular arrangement [24]. 
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The remainder of this paper is organized as follows: Section 2.1 describes the 3D-CFD analysis 

of a miniature turbine and the procedure for generating a condensed 2D velocity field. Section 2.2 

presents the characteristics of the target turbine and their relationship with the applied load torque. 

Section 2.3 outlines the fast computational method for simulating the flow field, power output, and 

rotational speed of VAWT wind farms. Section 3 presents the application of the method to three types 

of VAWT clusters comprising three miniature turbines for which wind-tunnel data are available. 

Sections 3.1, 3.2, and 3.3 present analyses the parallel, tandem, and equilateral triangular 

configurations, respectively, with comparisons and discussions of the predicted and measured 

rotational speeds of each turbine. Finally, Section 4 summarizes the conclusions of this study. 

2. Materials and Methods 

2.1. 3D-CFD of Miniature Turbine and Construction of Condensed 2D Velocity Field 

In this study, CFD simulations were performed using STAR-CCM+ (Siemens, version 2520) for 

a miniature butterfly-type VAWT. Figure 1a shows the 3D model of the target turbine. The turbine 

dimensions are identical to those of the model used in the wind-tunnel experiments conducted at the 

National Institute of Technology, Kagawa College [25]: rotor height H = 43.4 mm, rotor diameter D = 

50 mm, and hub diameter Dhub = 18 mm. The blade chord length at the equatorial section is c = 20 mm, 

the airfoil is NACA 0018, and the number of blades is B = 3. 

The governing equations are the incompressible continuity and Reynolds-averaged Navier–

Stokes equations, and an unsteady 3D analysis was performed. A segregated flow solver was used. 

Temporal advancement was performed using an implicit scheme, and second-order temporal 

discretization was adopted. Turbulence effects were modeled using the shear stress transport k-ω 

turbulence model [26]. As shown in Figure 1b, the entire computational domain (stationary region 1) 

was defined as a rectangular parallelepiped measuring 40D (2000 mm) in the streamwise direction, 

50D (2500 mm) in the lateral direction, and 20D (1000 mm) in height. Trimmed meshes were used 

throughout the domain except in the vicinity of the rotor surface. The turbine was positioned such 

that its center was located 20D (1000 mm) downstream of the inlet boundary. The upstream boundary 

of stationary region 1 was specified as a velocity inlet with a uniform inflow velocity U∞ = 10 m/s. The 

outlet boundary was defined as a pressure outlet with a gauge pressure of 0.0 Pa. The lateral 

boundaries were assigned slip conditions, and the turbine surface was modeled as a no-slip wall. As 

illustrated in Figure 1c, the turbine model was placed inside a cylindrical rotating region with a 

diameter of 1.4D (70 mm) and a height of 1.6H (70 mm), surrounded by an overlapping mesh-control 

region (diameter 1.6D (80 mm), height 1.8H (80 mm)). To comprehensively capture the flow field 

around the turbine, a rectangular parallelepiped stationary region 2 enclosing the turbine was 

defined, in which a uniformly fine mesh was adopted. This region spanned 5D (250 mm) in the lateral 

direction, 2D (100 mm) upstream, 6D (300 mm) downstream from the turbine center, and 4D (200 

mm) in the vertical direction. As shown in Figure 1d, prism-layer meshes with a layered configuration 

were applied near the blade surfaces. The prism-layer, which featured 10 layers and a growth rate of 

1.5, measured 0.33 mm thick, and the near-wall resolution was set such that the nondimensional wall 

distance y+ < 1. The mesh on the rotor surface is shown in Figure 1a. The rotating region containing 

the rotor and the surrounding stationary region 2 were connected using an overset-mesh technique. 

The grid contained approximately 12 million cells in stationary region 1 (including stationary region 

2) and approximately 4 million cells in the rotating region, thus resulting in approximately 16 million 

cells in the entire computational domain. 

Based on previous experimental results at a wind speed of 10 m/s, the turbine was rotated at a 

constant speed of N = 2612 rpm. The rotation direction was counterclockwise when viewed from 

above. The time step was 3.19 × 10-5 s, which corresponded to a rotor rotation of 0.5° per time step. 

The simulation was conducted until the turbine completed 15 revolutions, at which point the time-

averaged velocity distribution almost converged. For computations after the second rotation, the 
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Courant number was maintained below 100. The Reynolds number, based on the rotor diameter and 

the freestream velocity, was 3.3 × 104. 

 

Figure 1. Computational grids created for 3D-CFD of single miniature VAWT. 

Figure 2a shows the unsteady vortex shedding using an iso-surface of the Q-criterion (Q = 105 s-

2) [27], where the color indicates the vorticity magnitude on the iso-surface. Figure 2b shows the 

instantaneous distribution of the streamwise velocity component u on the equatorial plane. Because 

almost periodic vortex shedding was observed within the first five revolutions after computation 

commenced, the velocity components (u, v, and w) were time averaged over the subsequent 10 

revolutions (from the 6th to the 15th revolution) to obtain the 3D mean flow fields (ua, va, and wa). 

Figure 2c shows the distribution of the mean velocity component ua on the equatorial plane (z = 0), 

whereas Figure 2d presents the distribution of ua on a vertical plane, including the turbine rotation 

axis. 
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Figure 2. Unsteady flow field based on 3D-CFD simulation and averaged distributions of streamwise velocity 

component. 

In this study, 44 vertical cross-sections perpendicular to the main flow direction were selected 

within the range x/D = -4 to 10 (e.g., x/D = −4, −3, −2, −1, −0.75, −0.7, −0.6, ⋯, 0.6, 0.7, 0.75, 0.8, 0.9, ⋯, 

2.4, 2.5, 3.0, 4.0, 6.0, 8.0, 10.0). For each section, mean flow data (ua, va, and wa) were extracted within 

the region encompassed by y/D = −8 to 8 (interval 0.05, 321 points) and z/D = −0.5 to 0.5 (interval 0.05, 

21 points). The red dots in Figure 2d indicate the sampling locations. By averaging the extracted data 

over 21 points in the z-direction, the mean flow data (ua and va) (note that wa was not used) were 

compressed in the vertical direction at each of the 44 cross-sections near the turbine. The resulting 2D 

compressed dataset (44 × 321 points) was used as the input for the VAWTWF software, which 

predicted the flow field and operating state of each rotor in a VAWT wind farm based on the IFCM. 

During the execution of the IFCM, the compressed data at the 44 cross-sections were interpolated 

and extrapolated in the streamwise (x) and lateral (y) directions to generate a condensed 2D mean 

flow field (uc and vc) around a single turbine, which was then used for flow-field construction. 

Although the vc component was calculated within the VAWTWF, it was not utilized in the present 

study to predict the turbine operating state. Furthermore, because the average velocity data ua 

obtained inside the rotating region from the CFD analysis represent values in a rotating reference 

frame (see Figures 2c and 2d), the compressed velocity data inside the rotating region were generated 

via linear interpolation using the condensed 2D data obtained in the surrounding stationary region 

2 near the rotating-region boundary. 

Figure 3a shows the distribution of the condensed 2D velocity component uc near the rotor 

obtained via the procedure above. Figure 3b shows a comparison of the distribution of uc along the 

four dashed lines shown in Figure 3a (x/D = −2, 1, 2, and 4), with the streamwise velocity component 
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u measured at the equatorial plane of the isolated experimental turbine using an I-type hot-wire probe 

(H.W.). Because the turbine wake is a 3D flow with complex velocity distributions, the two profiles 

are naturally different. Nevertheless, a similarity was observed between the maximum velocity 

deficit and its lateral (y) position.  

 

Figure 3. Condensed 2D flow field around single VAWT and comparison with wake velocity measured using 

hot-wire probe. 

2.2. Turbine Characteristics and Applied Load Torque 

Under the inflow condition U∞ = 10 m/s, 3D-CFD simulations of the isolated turbine described 

in the previous section were performed for rotational speeds ranging from 1000 to 4000 rpm at 

intervals of 500 rpm. The resulting shaft power P [mW] is plotted, as shown in Figure 4, using circular 

red symbols. Additionally, the shaft power obtained from the 3D-CFD analysis at N = 2612 rpm 

described in Section 2.1 (P = 128.7 mW) is in Figure 4. The circular blue symbols in the figure represent 

the shaft power measured in previous wind-tunnel experiments [21]. Although a slight discrepancy 

appeared near the maximum output, the CFD predictions agreed well with the experimental data. 

The monotonically increasing curve presented as a dashed line represents the predicted shaft 

power based on the load–torque curve (Load-2), which was inferred from the measured performance 

of the model turbine in the wind-tunnel experiment (2612 rpm, 93.1 mW at 10 m/s). Figure 5 shows 

the torque-rotation speed characteristics of the model turbine at wind speeds U∞ = 8, 9, 10, 11, and 12 

m/s. In the wind-tunnel experiments, the load torque was adjusted for each test (by varying the 

output resistance of the small motor used as a generator) to mitigate the effects of turbine-to-turbine 

performance variations. The three load–torque curves used in the measurements (Load-1 to Load-3) 

are shown in Figure 5. However, in the experiments described in Section 3, two load torques were 

applied: Load-1 and Load-3. Figure 6 presents the relationships between the inflow velocity U∞ and 

rotational speed N, and between U∞ and shaft power P, as determined from the intersection points of 

each load–torque curve with the turbine torque characteristics shown in Figure 5. As shown in Figure 

5, the aerodynamic torque of the model turbine at 8 m/s is smaller than that shown in any of the load–

torque curves; consequently, as shown in Figure 6, the turbine does not rotate at wind speeds of 8 

m/s or lower. 
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Figure 4. Shaft-power performance obtained via 3D-CFD simulations and wind-tunnel experiments under U∞ = 

10 m/s. Dotted curve represents load performance assumed for previous experimental VAWT with D = 50 mm. 

 

Figure 5. Torque performance obtained via wind-tunnel experiments at U∞ = 8, 9, 10, 11, and 12 m/s and three 

load curves estimated for experimental VAWTs. 

 

Figure 6. Conversion of upstream wind speed to turbine speed and shaft power for three load characteristics of 

miniature VAWT. 

2.3. Fast Computational Method for VAWT Wind Farms 
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In this study, compressed 2D velocity data obtained from 3D-CFD analysis were used as input 

to the in-house VAWTWF software, which is based on a previously developed IFCM for predicting 

the flow field in a VAWT wind farm [19]. A schematic representation of this method is shown in 

Figure 7. The condensed 2D velocity distribution (uc and vc) near the rotor, which was obtained by 

interpolating the input data, is illustrated on the right-hand side of Figure 7. As mentioned earlier, 

the lateral velocity component vc was calculated in the VAWTWF software but not used in the present 

turbine-operating state prediction. The difference between the present condensed velocity 

distribution and the 2D velocity field around a single turbine, as shown in Figure 2 of Ref. [19], where 

2D-CFD data were used as the input, is noteworthy. 

 

Figure 7. Conceptual image of flow-field construction of VAWT wind farm using condensed 2D velocity 

components (uc and vc) around isolated single VAWT. 

In the proposed method, the normalized velocity difference dudif between the condensed velocity 

uc and the uniform upstream velocity U∞0 assumed in the 3D-CFD simulation (in this study U∞0 = U∞ 

= 10 m/s) is calculated as follows: 

𝑑𝑢dif(𝑥n0,  𝑦n0) =  
1

𝑈∞0

{𝑢c(𝑥n0,  𝑦n0) − 𝑈∞0} (1) 

Here, (xn0, yn0) are the coordinates normalized by the VAWT diameter D, with the center of the 

isolated single turbine regarded as the origin. The relative normalized coordinates with the center (xj, 

yj) of the j-th VAWT in the wind farm as the origin are specified as shown in Equations (2) and (3). 

 𝑥𝑛(𝑗) =  
𝑥 − 𝑥𝑗

𝐷
   (2) 

 𝑦𝑛(𝑗) =  
𝑦 − 𝑦𝑗

𝐷
  (3) 

Using the same procedure as in Part 1 of method-2 shown in the flowchart of Figure 5 in Ref. 

[19], the streamwise velocity component u at an arbitrary location (x, y) in the VAWT wind farm was 

constructed using Equation (4) by increasing the temporary number of turbines Ntemp sequentially 

from one to (𝑁 − 1). In the superposition process in Equation (4), the streamwise velocity component 

was set to zero when a negative value was obtained. 

𝑢(𝑥, 𝑦) = 𝑈∞ + ∑ 𝑈F(𝑗)

𝑁temp

𝑗=1

𝑑𝑢dif(𝑥n(𝑗), 𝑦n(𝑗)) (4) 
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The present study differs from Ref. [19] in that the virtual upstream velocity of the j-th turbine, 

UF(j), is expressed as shown in Equation (5). 

𝑈F(𝑗) =  𝑢ave(𝑗) (5) 

Additionally, correction terms Δu1(j) or Δu2(j), which were introduced previously, were not 

adopted in this study. In Equation (5), uave(j) denotes the average streamwise velocity evaluated at 11 

equally spaced points along a line segment of length D perpendicular to the main flow and passing 

through the center of the j-th turbine, as shown in Figure 8. Based on the Part 1 procedure using 

Equation (2), temporary values of the virtual upstream velocity UF(j) were obtained for all turbines 

in the VAWT wind farm. A flowchart of Part 1 is presented in Figure 9. 

 

Figure 8. Range contributing to average streamwise velocity uave(j) at j-th wind turbine center, which is assumed 

as the virtual upstream wind speed UF. 

The subsequent computational process (Part 2) is identical to that shown in Figure 4 of Ref. [19]. 

One turbine (the q-th turbine) is removed sequentially from a total of 𝑁 turbines, and the average 

velocity at the center of the removed turbine, uave(q)—i.e., its virtual upstream velocity UF(q)—is 

recalculated using Equation (4) with Ntemp = N − 1. Once UF(q) has been recalculated for all wind 

turbines, the updated flow field u(RN) is calculated using Equation (6) for the RN-th recalculation. 

𝑢(𝑅𝑁)(𝑥, 𝑦) = 𝑈∞ +  ∑ 𝑈F
(𝑅𝑁)(𝑗)

𝑁

𝑗=1

𝑑𝑢dif(𝑥n(𝑗),  𝑦n(𝑗)) (6) 

The root-mean-square difference 𝑤𝑖𝑛𝑅𝑀𝑆 between the virtual upstream velocities obtained in 

the RN-th and (RN − 1)-th iterations—UF(RN)(j) and UF(RN − 1)(j), respectively—is evaluated using 

Equation (7). 

𝑤𝑖𝑛𝑅𝑀𝑆 =  
√∑ (𝑈F

(𝑅𝑁)(𝑗) − 𝑈F
(𝑅𝑁−1)(𝑗))

2
𝑁
𝑗=1

𝑁
 

(7) 

The iterative calculation is repeated until winRMS becomes smaller than a prescribed tolerance 

𝜀. In this study, 𝜀 = 0.0001. The flowchart of Part 2 is shown in Figure 10. Once the Part 2 iterations 

converge, the converged virtual upstream velocity UF(j) is regarded as the effective inflow velocity 

U∞ for each turbine, and the corresponding rotational speed N and shaft power P are determined 

based on Figure 6. 
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Figure 9. Flowchart of Part 1 of proposed method. 

 

Figure 10. Flowchart of Part 2 of proposed method. 
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3. Results and Discussion 

3.1. Three Turbines Arranged in Parallel 

The proposed method was applied to a VAWT cluster comprising three miniature turbines 

arranged in parallel and aligned perpendicular to the incoming flow, as shown in Figure 11. In Figure 

11, the black and white circles denote VAWTs rotating clockwise (CW) and counterclockwise (CCW), 

respectively. The three turbines were equally spaced, and the spacing g was varied from 0.2D (10 

mm) to 3D (150 mm). The inflow entered from the left, and the turbines were labeled from top to 

bottom as R1, R2, and R3. Four layout configurations were considered based on the rotation direction 

as follows: Cases 1 to 4 corresponding to (000), (100), (010), and (001), respectively, with “0” and “1” 

representing CW and CCW, respectively. In the wind-tunnel experiments [22], the freestream 

velocity was set to U∞ = 12 m/s; therefore, U∞ = 12 m/s was used in the predictive equations for the 

flow field u(x, y), i.e., Equations (4) and (6). However, U∞0 was set to 10 m/s. The origin of the 

coordinate system (x, y) in this study was set to the center of the VAWT cluster (the center of R2 in 

Figure 11). 

 

Figure 11. Four cases of three-rotor parallel arrangements. 

Figure 12 shows the predicted flow fields (distributions of u) for the four cases at a turbine 

spacing of g = 0.5D (25 mm). Although the lateral component of the condensed velocity (the 

secondary-flow component) vc was not considered in calculating the streamwise velocity component 

u, the wake deflection with respect to the rotation direction was captured, and the wake overlap 

(interference) was predicted in Cases 3 and 4. The rotational speed predicted for each turbine is 

indicated in Figure 12. For example, in Case 1, the predicted rotational speed decreased from R1 to 

R3, which is consistent with expectations based on the induced velocity generated by the turbine 

rotation. 

Figure 13 shows a comparison of the dependence of the rotational speed of each turbine on the 

interturbine spacing between the wind-tunnel measurements and predictions. Because the 

experimental data shown in Figure 13 were obtained under the Load-1 torque condition, the same 

load condition was assumed in the predictions. In Figure 13, the circular and square symbols 

represent the experimental data and predicted results, respectively. The blue and light-blue symbols 

correspond to R1, the red and orange symbols correspond to R2, and the white and black symbols 

correspond to R3. In general, the rotational speed showed the following trends: in Case 1, R1 > R2 > 

R3; in Case 2, R2 > R1 > R3; in Case 3, R3 > R1 > R2; and in Case 4, R1 > R3 > R2. These relative 

relationships were reflected in both the experiments and predictions. In the predictions, several cases 

exhibited a significant decrease or increase in the rotational speed at the minimum spacing g of 0.2D 

(10 mm), as compared with the case of g = 0.3D (15 mm). In general, for all layouts, as the spacing 
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increased and approached g = 3D (150 mm), the rotational speed asymptotically approached that of 

a single isolated turbine (3931 rpm at U∞ = 12 m/s and Load-1 (see Figure 6)). By contrast, the 

experimental results converged toward a constant value as the spacing increased; however, the 

asymptotic value differed depending on the turbine and layout. This difference is presumed to arise 

from individual variations among the model turbines. 

 

Figure 12. Predicted flow fields and rotational speeds for four cases with parallel arrangements and g = 0.5D (25 

mm). 

In this study, using the predicted rotational speed Npred as a reference, the error Err is expressed 

(see Equation (8)) as the absolute difference between the measured rotational speed in the wind-

tunnel experiment Nmeas and the predicted rotational speed, divided by Npred. 

𝐸𝑟𝑟 [%] =  
|𝑁pred −  𝑁meas|

𝑁pred
× 100 (8) 

Tables 1 and 2 present comparisons of the errors predicted using three methods, i.e., the Err 

predicted using the previously proposed triangular-wake model (TWM) [20] based on wake-velocity 

distributions measured using a hot-wire anemometer, that predicted based on the 2D velocity field 

around a single rotor obtained from 2D-CFD simulation, and that predicted based on the condensed 

2D velocity field derived from the present 3D-CFD analysis. Table 1 presents a comparison based on 

g = 3D (150 mm). The proposed method yielded the smallest average error among all prediction 

methods (2.87%). Table 2 shows a comparison based on g = 0.3D (15 mm). Whereas previous 

prediction methods exhibited maximum errors exceeding 23%, the proposed method limited the 

maximum error to less than 6%, thus demonstrating a substantial improvement in terms of prediction 

accuracy. 
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Figure 13. Comparison of dependence of rotational speed of each turbine on interturbine spacing between wind-

tunnel measurements and predictions for three-turbine parallel arrangements. 

Table 1. Error comparison of three methods using different single turbine data based on g = 3D (150 mm). 

S.T. data 
TWM based on H.W. 

meas. [20] 
2D-CFD data [20] 3D-CFD data (present) 

Case R1 R2 R3 Ave.  R1 R2 R3 Ave.  R1 R2 R3 Ave.  

Case 1 5.67  9.00  4.53  6.40  2.14  1.35  0.42  1.30  0.43  0.05  3.10  1.19  

Case 2 2.15  5.45  4.34  3.98  6.30  5.62  2.86  4.92  2.86  0.38  3.46  2.23  

Case 3 1.17  3.62  3.48  2.76  4.29  5.56  2.99  4.28  5.23  3.62  1.52  3.46  

Case 4 1.68  7.25  1.06  3.33  3.92  1.20  4.40  3.17  3.29  3.31  7.17  4.59  

Total 

Ave. 
4.12  3.42 2.87 

Max. Err 9.00  6.3 7.17 

Table 2. Error comparison of three methods using different single turbine data based on g = 0.3D (15 mm). 

S.T. data 
TWM based on H.W. 

meas. [20] 
2D-CFD data [20] 3D-CFD data (present) 

Case R1 R2 R3 Ave.  R1 R2 R3 Ave.  R1 R2 R3 Ave.  

Case 1 
19.2

8  

23.3

8  

18.1

0  

20.2

5  

11.1

1  

10.4

6  
4.00  8.52  0.71  0.41  1.10  0.74  

Case 2 9.12  
16.8

3  

11.1

7  

12.3

7  

23.3

8  

22.5

7  

12.8

2  

19.5

9  
5.34  5.75  1.29  4.13  
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Case 3 1.86  6.09  
14.9

7  
7.64  

10.7

7  

19.7

2  

17.1

8  

15.8

9  
4.36  5.52  3.49  4.46  

Case 4 
18.5

6  

11.3

0  
3.59  

11.1

5  

10.2

2  
6.15  7.13  7.84  4.46  0.05  5.99  3.50  

Total 

Ave. 
12.86  12.96 3.21 

Max. Err 23.38  23.38 5.99 

3.2. Three-Turbine Tandem Arrangement 

At the National Institute of Technology, Kagawa College, wind-tunnel experiments were 

conducted, in which three miniature wind-turbine models were aligned in a straight line and the 

relative position of the middle turbine was varied [23]. Figure 14 shows four independent layouts 

used in the experiments that correspond to tandem arrangements, where the main flow direction and 

turbine row are aligned parallel to each other. The freestream velocity is U∞ = 12 m/s, and in Figure 

14, the flow is assumed to proceed from left to right. The turbines are labeled R1, R2, and R3 from the 

upstream side. The experiments were performed with the center-to-center distance between R1 and 

R3 fixed at 8D (400 mm), while the spacing between R1 and R2 (g1) and between R2 and R3 (g2) was 

varied. Because the relation g2 = 6D − g1 is valid, each configuration can be parameterized solely by 

g1. The four layouts shown in Figure 14 are classified based on the rotation direction of R1 to R3 (CW: 

0, CCW: 1) as follows: Case 1 (000), Case 2 (001), Case 3 (010), and Case 4 (011). 

 

Figure 14. Four cases of three-rotor tandem arrangements. 

Figure 15 shows the flow fields and rotational speed predicted for each turbine under g1= 2D 

(100 mm) (g2= 4D (200 mm)). The predicted rotational speeds are identical for Cases 1 and 2, and for 

Cases 3 and 4. This is because, in the present study, the virtual upstream wind speed UF is defined—

based on Figure 8—as the average velocity component uave at 11 points within a distance equal to the 

rotor diameter. Consequently, the effect of the rotation direction cannot be captured even if a large 

velocity gradient exists. Although the accuracy might be improved by introducing previously 

proposed corrections [18] such as Δu1, which accounts for velocity gradients, or Δu2, which accounts 

for the secondary flow, this possibility shall be investigated in future studies. 

Figure 16 shows a comparison of the wind-tunnel measurements with the predictions of the 

proposed method for the dependence of the turbine rotational speed on the interturbine spacing 

under the three-turbine tandem arrangement. In the wind-tunnel experiments (see Figure 16), Cases 

1 and 2 were measured under a load torque of Load-3, whereas Cases 3 and 4 were measured under 

Load-1; therefore, the corresponding load torques were assumed in the predictions. The horizontal 

axis in Figure 16 represents the turbine spacing g1, and the remaining symbols are the same as those 
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used in Figure 13. As shown in Figure 15, the predicted rotational speeds were identical for Cases 1 

and 2, as well as for Cases 3 and 4, regardless of g1. In the experimental results for Cases 1 and 3, the 

rotational speed of the most downstream turbine, R3, became zero in some configurations. In 

particular, for Case 3 (Figure 16c), R3 halted when g1 ≧ 2D (100 mm); therefore, measurements were 

not conducted and the rotational-speed data for R1 and R2 are not reported. 

 

Figure 15. Predicted flow fields and rotational speeds for four cases with tandem arrangements and g1 = 2D (100 

mm). 

Table 3 shows a comparison of the prediction errors for g1 = 1.8D (90 mm) and g1 = 3.4D (170 

mm). For g1 = 1.8D (90 mm) (g2 = 4.2D (210 mm)), the average errors of R1 and R2 were less than 2.2% 

in all cases, whereas the average error of R3 was much larger at 25.57%. For g1 = 3.4D (170 mm) (g2 = 

2.6D (130 mm)), the average error of R1 remained below 2.8%, thus indicating good agreement; 

however, the average errors of R2 and R3 approached 20%, thus demonstrating the difficulty of 

predicting turbines located within the wake. Nevertheless, as shown in Figure 16, the proposed 

method qualitatively reproduced the experimental trends: the rotational speed of R2 increased with 

g1, whereas that of R3 decreased monotonically. 
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Figure 16. Comparison of dependence of rotational speed of each turbine on interturbine spacing between wind-

tunnel measurements and predictions under three-turbine tandem arrangements. 

Table 3. Error comparison between cases of g1 =1.8D and 3.4D under three-turbine tandem arrangements. 

g1 1.8D (90 mm) 3.4D (170 mm) 

Case R1 R2 R3 R1 R2 R3 

Case 1 1.71  0.54  19.31  2.46  19.22  - 

Case 2 4.76  3.46  11.66  5.20  20.78  6.72  

Case 3 0.66  2.07  47.07  - - - 

Case 4 1.59  0.80  24.25  0.60  12.66  31.93  

Ave.  2.18  1.72  25.57  2.76  17.55  19.33  

Total Ave. 9.82  12.45  

Max. Err 47.07  31.93  

3.3. Trio-Turbine Arrangement 

Figure 17 shows a trio-turbine configuration in which three miniature VAWTs are located at the 

vertices of an equilateral triangle. In this study, the turbine is numbered (R1, R2, and R3) as indicated 

in Figure 17. In the left configuration, all three turbines rotate in the same direction (CCW rotation in 

Figure 17); this arrangement is referred to as 3CO. By contrast, in the right configuration, only R2 

rotates in the CW direction, whereas R1 and R3 rotate in the CCW direction; this arrangement is 

referred to as 3IR. In the wind-tunnel experiments [24], the freestream velocity was U∞ = 12 m/s. The 

relative wind direction angle θ between the incoming flow and trio arrangement is defined with 

respect to the direction perpendicular to the line segment connecting the centers of R1 and R2. In both 

the experiments and calculations, the freestream direction was fixed, and the turbine arrangement 

was rotated about its center in 30° increments, thereby yielding 12 relative wind directions. The 

spacing between any pair of turbines in the trio arrangement was identical, and the rotational speed 

of each turbine was measured for three spacings: g = 0.5D (25 mm), 1D (50 mm), and 2D (100 mm).  
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Figure 18 presents the predicted flow field and rotational speeds obtained by applying the 

proposed method to the 3CO and 3IR arrangements for g = 1D (50 mm) and θ = 30°. In the wind-

tunnel experiments of the trio turbines, the load torque corresponds to Load-3 (3400 rpm at U∞ = 12 

m/s, see Figure 6). Therefore, the predicted rotational speed N of turbines not in the wakes of other 

turbines, such as R1 and R2 in Figure 18, was approximately 3400 rpm. In both arrangements, R3 

rotated in the CCW direction, and the upstream turbine R1 rotated in the same direction. However, 

as the rotational direction of R2 differed between the two configurations, its effect caused the 

rotational speed of R3 in 3CO to be higher than that in 3IR. 

 

Figure 17. Two cases of trio arrangements and definition of relative inflow angle θ. 

 

Figure 18. Predicted flow fields and rotational speeds for two cases with g = 1D (50 mm) under trio 

arrangements. 

Figures 19a and 19b present the radar charts of the normalized rotational speed Nnorm of each 

turbine for all relative wind directions in the 3CO configuration with g = 0.5D (25 mm), obtained 

experimentally and numerically, respectively. The normalized rotational speed is expressed using 

the isolated single-turbine rotational speed NSI = 3400 rpm at U∞ = 12 m/s by the following equation: 

𝑁norm =
𝑁

𝑁SI
. (9) 

The blue, green, and purple symbols indicate the normalized rotational speeds of R1, R2, and 

R3, respectively. The orange symbols in Figure 19a (experiment) and the red symbols in Figure 19b 

(calculation) represent the average normalized rotational speeds of the three turbines for each wind 

direction. Figure 19c shows a comparison of the extracted average values. 

Figures 19d, 19e, and 19f show the corresponding comparisons for the 3IR configuration at g = 

0.5D (25 mm), and the interpretation of the graphs is the same as that in Figures 19a–c. The minimum 

value of Nnorm was Nnorm = 0, which corresponded to a stationary turbine. However, to avoid 
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overlapping symbols, the radar-chart center was set to Nnorm = −0.2. Figures 20a–f and 21a–f present 

the results for g = 1D (50 mm) and g = 2D (100 mm), respectively, with the same graphical 

interpretation as for Figure 19. 

 

Figure 19. Wind-direction dependence of normalized rotational speed Nnorm of each turbine in trio configurations 

with g = 0.5D (25 mm): (a) experiments, (b) predictions , and (c) comparison of both in terms of three-rotor 

average, for 3CO case; (d) experiments, (e) predictions , and (f) comparison of both in terms of three-rotor 

average, for 3IR case. 

Consider the case of θ = 30° in the 3CO configuration shown in Figures 19a and 19b. In the 

calculations, turbine R3 halts (Nnorm = 0), whereas in the experiment, R3 shows Nnorm = 0.794 (N = 2661 

rpm), which distinguishes it from neighboring wind directions (θ = 0° and 60°, where Nnorm = 0). Since 

the rotational speeds of R1 and R2 agreed well between the experiment and calculation at θ = 30°, a 

significant difference appeared in the averaged value shown in Figure 19c (by symmetry, the same 

occurred at θ = 150° and 270°). Except for this specific relative wind direction, the average normalized 

rotational speed of 3CO agreed well between the experiment and calculation. Because 3IR is 

asymmetric (see Figure 19f), its distribution differed slightly from that of 3CO; however, although 

significant differences were observed in specific wind directions, the averaged values were almost 

identical for the other directions. By contrast, for g = 1D (50 mm), the average Nnorm values shown in 

Figures 20c and 20f differed significantly between the experiment and calculation for many relative 

wind angles. This is presumed to be due to strong turbine–turbine interactions at a spacing 

comparable to the turbine diameter and to the simplified definition of the virtual upstream velocity 

UF using the average velocity uave in the present method. Improving the accuracy of this diameter-

scale spacing region remains a topic for future investigations. For g = 2D (100 mm), the averaged Nnorm 

values in Figures 21c and 21f agreed well between the experiments and calculations, except for θ = 

210° and 270° in 3IR. 

Table 4 lists the errors for 3CO and 3IR over the 12 relative wind directions for g = 0.5D (25 mm), 

1D (50 mm), and 2D (100 mm). As discussed above, when g = 1D the mean error averaged over the 

12 directions was large: 20.07% for 3CO and 17.50% for 3IR. For g = 0.5D, however, the mean error 
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decreased to approximately half of that value (10.84% for 3CO and 9.61% for 3IR). For g = 2D, the 

mean error further decreased to 3.97% for 3CO and 6.81% for 3IR. 

 

Figure 20. Wind-direction dependence of normalized rotational speed Nnorm of each turbine in trio configurations 

with g = 1D (50 mm): (a) experiments, (b) predictions , and (c) comparison of both in terms of three-rotor average, 

for 3CO case; (d) experiments, (e) predictions , and (f) comparison of both in terms of three-rotor average, for 

3IR case. 
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Figure 21. Wind-direction dependence of normalized rotational speed Nnorm of each turbine in trio configurations 

with g = 2D (100 mm): (a) experiments, (b) predictions , and (c) comparison of both in terms of three-rotor 

average, for 3CO case; (d) experiments, (e) predictions , and (f) comparison of both in terms of three-rotor 

average, for 3IR case. 

Table 4. Error comparison among the cases of g = 0.5D, 1D, and 2D in trio arrangements. 

g 0.5D (25 mm) 1D (50 mm) 2D (100 mm) 

Angle: 

θ[°] 
3CO 3IR 3CO 3IR 3CO 3IR 

0 0.98  0.36  25.66  1.44  1.53  1.53  

30 36.75  20.76  23.40  17.98  5.62  2.77  

60 1.42  5.14  18.68  6.94  0.17  0.77  

90 4.85  9.47  19.13  20.95  5.44  6.12  

120 4.38  7.26  21.58  25.14  1.92  0.96  

150 39.80  37.54  26.39  19.22  5.01  2.71  

180 0.03  1.12  19.79  10.57  2.09  1.70  

210 0.56  16.00  17.48  20.86  7.63  30.69  

240 2.31  6.09  17.86  32.94  2.45  0.51  

270 34.05  2.22  27.49  22.84  9.71  27.98  

300 3.10  0.90  15.84  17.54  3.03  3.29  

330 1.84  8.41  7.57  13.54  3.04  2.73  

Ave.  10.84  9.61  20.07  17.50  3.97  6.81  

Max. Err 39.80  37.54  27.49  32.94  9.71  30.69  

4. Conclusions 

In this study, to render the previously developed fast computation method (IFCM) for predicting 

the flow field and turbine-operating state in VAWT wind farms applicable to actual turbines, a 

procedure was proposed in which a compressed 2D velocity dataset was generated from the 3D-CFD 

analysis of a target turbine and subsequently used to construct the flow field of a VAWT wind farm. 

The proposed method was applied to three types of turbine clusters, each comprising three miniature 

turbines with a diameter of 50 mm—parallel, tandem, and trio arrangements—that had been tested 

previously, and the predicted rotational speeds were compared with experimental measurements. 

The main findings are summarized as follows: 

✓ Parallel arrangement (three turbines): 

The prediction accuracy obtained using the condensed 2D velocity data derived from 3D-CFD 

simulation was significantly better than that of previous approaches adopting the TWM, which 

mimics wake-velocity distributions measured by a hot-wire anemometer, and that of predictions 

based on 2D-CFD velocity fields. 

✓ Tandem arrangement (three turbines): 

In two different three-turbine tandem configurations, when the rotation directions of the first 

two turbines from the upstream (R1 and R2) were the same and only the rotation direction of the 

third turbine (R3) was different, the proposed method predicted the same rotation speed for both 

corresponding turbines. This is because the virtual upstream wind speed UF was expressed as the 

average uave of the streamwise velocity on a line segment equivalent to the diameter of the VAWT. 
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This result suggests that further improvement requires incorporating corrections that account for 

velocity gradients and/or secondary-flow effects. 

✓ Tandem arrangement—spacing effects: 

When the distance between the first and second turbines (R1–R2) was short (approximately 

1.8D), the average errors for R1 and R2 for the four tandem arrangements remained relatively small 

(less than 3%), whereas the average error for the third turbine (R3) exceeded 25%. Conversely, when 

the R1–R2 spacing was large (approximately 3.4D) and the R2–R3 spacing decreased, the average 

errors for R2 and R3 were approximately 20%. 

✓ Trio (equilateral-triangle) arrangement: 

When the turbine spacing was approximately equal to the rotor diameter, the average error over 

12 relative wind directions was approximately 20%. However, when the spacing was 2.0D, the 

average error decreased to 4%–7%, and further increases in spacing are expected to improve the 

accuracy. 

The results demonstrate the validity of applying the proposed method to high-solidity miniature 

VAWTs used in wind-tunnel experiments. Future studies should extend its applicability to full-scale 

VAWTs with lower solidity and verify its effectiveness. Additionally, improvements are required to 

enhance accuracy, particularly for closely spaced turbines. Nevertheless, once a single 3D-CFD 

simulation of an isolated turbine is performed to generate a compressed 2D velocity field, subsequent 

analyses are essentially two dimensional and thus computationally inexpensive. Therefore, the 

proposed method is expected to be useful for solving problems such as optimizing the layout of 

VAWT wind farms. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CCW Counter clockwise 

CFD Computational fluid dynamics 

CO Co-rotation 

CW Clockwise 

HAWT Horizontal-axis wind turbine 

H.W. Hot-wire anemometer 

IFCM Improved fast computation method 

IR Inverse rotation 

RMS Root mean square 

RN Repetition number 
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S.T. Single turbine 

VAWT Vertical-axis wind turbine 

2D Two dimensional 

3D Three dimensional 
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