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Abstract 15 
The deployment of multiple closely-spaced Darrieus turbines has recently gained interest in the academic and 16 

industrial sectors due to their potential to increase power output and wake recovery. However, the computational 17 
cost of accurate three-dimensional, blade-resolved CFD analyses rapidly becomes unfeasible as long as multiple 18 
rotors are added, putting emphasis on the need for a more practical, yet accurate, simulation method. Based on 19 
recent assessments, the Actuator Line Method (ALM) has been shown to represent the most interesting solution 20 
for Darrieus turbines’ simulations. However, since the blade-flow interaction is not solved, no evidence was 21 
available to date on whether ALM can capture all the physical phenomena related to turbine mutual interaction. 22 

In this study, the reliability and limitations of the ALM in simulating closely-spaced Darrieus turbines were 23 
assessed using two pairs of turbines with varying geometrical and operational characteristics, focusing on turbine 24 
loads, local flow field, and wake development. The results demonstrate that the ALM is effective for simulating 25 
twin-rotor Darrieus turbines, particularly at medium and high tip-speed ratios, providing satisfactory predictions 26 
of instantaneous blade loads and capturing the increase in torque due to the mutual interaction between adjacent 27 
rotors. The ALM is also able to accurately reproduce the flow field across the twin rotors, as demonstrated through 28 
Proper Orthogonal Decomposition (POD) analysis of the wake flow field. With an average simulation time of 7 29 
h/rev/core, compared to 508 h/rev/core for blade-resolved CFD, this study provides evidence that the ALM is a 30 
low-cost and reliable tool for simulating closely spaced Darrieus turbines, thus representing the most suitable tool 31 
to develop new VAWT applications like floating wind turbines or hydrokinetic installations. 32 

 33 
Keywords: Actuator Line Model (ALM), VAWT, Darrieus, Hydrokinetic Turbines, Computational Fluid 34 

Dynamics (CFD), Proper Orthogonal Decomposition (POD) 35 
 36 
Nomenclature 37 

Latin symbols 38 
A Turbine area [m2] 
CL Lift coefficient [-] 
Cp Power coefficient [-] 
D Turbine diameter [m] 
k Turbulent kinetic energy [m2s-2] 
L Turbulent length scale [m] 
P Power [kW] 
R Turbine radius [m] 

Rec Chord-based Reynolds number [-] 
U Matrix of snapshots [-] 
un Left eigenvector [-] 
V∞ Freestream velocity [m·s-1] 
Vm Right eigenvector [-] 

 39 
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Greek symbols 40 
β Kernel width [m] 
∆h Mesh element size [m] 
θ Azimuth angle [deg] 
ρ Flow density [kg·m-3] 
∑ Matrix of eigenvalues [-] 
σm Eigenvalue [-] 𝜙௡ Matrix of left eigenvectors [-] 𝜙௏ Matrix of right eigenvectors [-] 𝜒௡௠ Entries to the matrix of snapshots (dimensionless velocity fluctuations) [-] 
Ω Vorticity [s-1] 
ω Rotor rotational speed [rad·s-1] 

Acronyms 41 
AC Aerodynamic Centre  
ALM Actuator Line Method  
AoA Angle of Attack [deg] 
BSC Blade-Spoke Connection [-] 
CFD Computational Fluid Dynamics  
CSS Cubic Spline Smoothing  
HAWT Horizontal Axis Wind Turbine  
LES Large Eddy Simulation  
POD Proper Orthogonal Decomposition  
RANS Reynolds-Averaged Navier-Stokes  
SST Shear Stress Transport  
SVD Singular Value Decomposition  
TSR Tip Speed Ratio [-] 
VAHT Vertical Axis Hydrokinetic Turbine  
VAWT Vertical Axis Wind Turbine  

1. Introduction 42 

1.1 Background and motivation 43 
While the industry is still reluctant to invest in technologies for wind and tidal/hydrokinetic power 44 

deviating from the well-established three-blade horizontal-axis rotor, an increasing amount of research 45 
is pointing out that the vertical-axis concept has very interesting features for innovative installations. 46 
On the one hand, Vertical-Axis Wind Turbines (VAWTs) are very promising for offshore floating 47 
applications, both at the level of the isolated rotor, thanks to a lower center of gravity and therefore 48 
improved system dynamics [1], and at the wind farm one, as VAWTs can boost the farm energy 49 
harvesting by entraining momentum from the upper layers of the atmosphere [2]. On the other hand, 50 
Vertical-Axis Hydrokinetic Turbines (VAHTs) already represent a low impact and cost-effective 51 
solution for the exploitation of the so-called “hidden hydropower”, i.e., the one coming from channels 52 
and small rivers [3]. In spite of these advantages, further research is currently required to improve the 53 
energy conversion efficiency of these machines and fill their gap with respect to their horizontal-axis 54 
counterparts. In this perspective, one key topic that has been studied extensively in the last years are 55 
array effects in closely spaced Darrieus machines; in fact, it has been observed that a VAWT rotor has 56 
a higher efficiency in a row than when it is isolated. This effect was first shown Dabiri [4]. Following 57 
his experimental campaign, several studies were conducted, mainly using two-dimensional Reynolds-58 
Averaged Navier-stokes (RANS) simulations, to investigate the physical mechanisms underlying such 59 
performance enhancement [5]–[7]. The favourable deviation in the absolute inflow direction and wake 60 
contraction happening in the gap between the rotors were identified as responsible for power 61 
augmentation. Other studies focused on optimising the layout of the turbines in terms of spacing and 62 
relative angle between the rotors [8]–[10]. They concluded that the maximum power output could be 63 
achieved via the in-line arrangement, i.e., zero oblique angle between the rotors, and spacing between 64 
1.5 and 1.8D. The few three-dimensional studies available to date, for example the one of Nazari et al. 65 
[11], indicated two-dimensional studies as optimistic in determining torque production and wake 66 
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dissipation rate. This kind of simulations, nonetheless, is at the current state-of-the-art not feasible at a 67 
research and industrial level, due to prohibitive computational power requirements.  68 

Therefore, the attention of the scientific community has been directed towards the development of 69 
low- or medium-order approaches, able to capture the main effect on performance and wake recovery 70 
of blade-resolved CFD, but at a notably lower computational cost. Low-order tools were proposed by 71 
Araya et al. [12], who developed an analytical model based on the Rankine body formulation, and 72 
Nishino et al. [13], who proposed a theoretical model to estimate the performance of tidal Darrieus 73 
turbine arrays within a finite-width channel. Although considered beneficial for the rough estimation of 74 
the energy output of a Darrieus turbine cluster, these models cannot capture the complex three-75 
dimensional flow structures that occur either in the wake or in the mutual interaction region between 76 
the rotors. Tavernier et al. [14] employed a two-dimensional vortex model to study a pair of Darrieus 77 
wind turbines, while Gauvin-Tremblay and Dumas [15] developed the Effective Performance Turbine 78 
Model to investigate the local blockage effect in an array of VAHTs. 79 

To have an insight on these aspects, CFD must therefore be reintroduced. This led to the 80 
development of the so-called “hybrid” methods that combine CFD to solve the flow field and a lumped-81 
parameter aerodynamic model, usually based on input polar data, to compute the rotor forces, which 82 
are inserted in the computational grid as volume forces [16]. 83 

Among the hybrid simulation tools available, the Actuator Line Method (ALM) stands out for its 84 
accuracy and computational efficiency. Several studies [17]–[19], including contributions from the 85 
authors [20]–[22], have demonstrated the capability of this approach to simulate isolated Darrieus 86 
rotors. However, there are only a few studies in the literature that employ the ALM for multiple rotors. 87 
For example, Hezaveh et al. [23] used the ALM in conjunction with a Large Eddy Simulation (LES) 88 
model to evaluate the feasibility and performance of a VAWTs wind farm. While Raj used the ALM to 89 
investigate the spacings between two closely spaced rotors [24]. In a recent work by Zhang et al. [25], 90 
the ALM was coupled with RANS simulations to investigate the synergy effect of two and three 91 
VAWTs. It is worth noting that these latter studies were primarily focused on optimizing the cluster 92 
synergy effect or studying the wake on a farm scale, without critically investigating the ability of the 93 
ALM to capture the flow interactions that occur between closely deployed Darrieus rotors. 94 

It is important to mention that the authors have extensively developed the ALM formulation utilized 95 
in this work by incorporating additional models tailored for VAWT rotors. This includes evaluating 96 
dynamic stall model settings [26], incorporating ad hoc models to account for blade-spoke connections 97 
and pitching moment [20], and verifying the use of the LineAverage method to sample the Angle of 98 
Attack (AoA) in VAWTs [27], [28]. Furthermore, a dedicated sensitivity analysis of this ALM 99 
formulation has been conducted recently to investigate the effects of kernel shape and size, as well as 100 
spatial sensitivity analysis to loads [22]. 101 

1.2 Novelty and contribution of the study 102 
Moving from this background, the present study aims at understanding if a hybrid simulation model 103 

like the ALM, which cannot intrinsically capture higher-order fluid-dynamic phenomena like blade-104 
vortices interaction, is anyhow able to cope with the complex array effects occurring when multiple 105 
rotors are deployed in close proximity, i.e., the suppression of the streamtube expansion effect in the 106 
gap between the rotors, together with the associated performance augmentation. These effects were 107 
extensively analysed using two-dimensional blade-resolved CFD in a recent study by the authors [29]. 108 
Proving that a computationally efficient method like ALM is suitable to this end is of particular 109 
industrial relevance, as it can become a new industry standard to promote the emerging technology of 110 
hydrokinetic turbines deployed in arrays. In particular, this represents the basic theoretical step needed 111 
to build upon when moving to three-dimensional simulations of real machines. To date, indeed, no 112 
prove that ALM could capture twin VAWT interactions was available. 113 

The ALM tool developed over the years specifically for the simulation of vertical-axis turbines [20] 114 
[22] has been employed. The latter features a novel LineAverage (LineAvg) method for accurate AoA 115 
sampling, as well as advanced aerodynamic sub-models to account for phenomena typically associated 116 
with Darrieus turbines, such as dynamic stall, pitching moment deriving from the selected blade-spoke 117 
connection, and flow curvature. ALM simulations were performed for both a wind and an hydrokinetic 118 
rotor, and validated against the blade-resolved CFD data from Zanforlin et al. [5] and from a recent 119 
work of the authors [29], respectively. The comparison of the two datasets was carried out in terms of:  120 
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a. turbine performance, in terms of overall performance and torque profiles over a revolution;  121 
b. flow kinematics, with particular reference to the local AoA and velocity magnitude, which were 122 

sampled from both ALM and blade-resolved simulations via the LineAverage sampling approach 123 
[30], recently validated by the authors for the use on vertical-axis turbines [16];  124 

c. wake development. One of the elements of novelty of the present study is the use of Proper 125 
Orthogonal Decomposition (POD) to analyze the capability of the ALM to reproduce the wake of 126 
closely-spaced Darrieus turbines. Such information is of capital relevance for many potential 127 
applications, including high-power-density wind farms based on VAWTs [31] or arrays of 128 
hydrokinetic turbines to be installed in channels or rivers [32].  129 

1.3 Structure of the study 130 
The structure of this study is as follows. Section 2 provides details on the geometrical and 131 

operational characteristics of the selected test cases. In Section 3, the characteristics of the different 132 
numerical methodologies used herein are presented, including a brief description of the ALM base 133 
formulation, CFD set-up, and the adopted POD model. The results are presented in Section 4, where 134 
comparisons between the blade-resolved RANS results and the ALM are presented in terms of power 135 
coefficient, local flow kinematics, and wake flow field. Section 5 discusses the results, highlighting 136 
their relevance to go beyond the current state-of-the-art. Finally, Section 6 provides the conclusions and 137 
outlines potential future work. 138 

2. Test cases 139 
In the present study, two different configurations of twin Darrieus rotors were used as case studies. 140 

More specifically, analyses refer to:  141 
• 3B-VAWT - WindSpire: a 3-blade Darrieus VAWT that has been extensively tested for different 142 

configurations of closely-spaced rotors. Pioneering field measurements were reported by Dabiri et 143 
al. [4], in addition to the two-dimensional blade-resolved RANS results reported by Zanforlin et al. 144 
[5], and the results of Hezaveh et al. [23], which have been produced using a different formulation 145 
of the ALM. In the present study, only the two dimensional blade-resolved CFD results of [5] have 146 
been used as benchmarking data to validate the current ALM formulation; 147 

• 2B-VAHT – HE-PowerGreen: an industrial prototype of 2-blade Darrieus VAHT early presented in 148 
[32], for which multiple design configurations have been investigated in previous works [3], [29]. 149 
It has been also studied in [21], where an investigation on a possible active pitch control strategy 150 
has been conducted using ALM. In this study, a set of dedicated twin-rotors, blade-resolved RANS 151 
simulations have been carried out to be used for the ALM validation. 152 
The corresponding geometrical and operational characteristics for the two rotors are reported in 153 

Table 1. The selection of these test cases was justified by the quantity and quality of benchmark data 154 
available, as well as the corresponding variety of rotor solidities, working fluid (air vs. water), blade 155 
Reynolds number ranges. In this perspective, the validation is thought to be as general as possible. It is 156 
worth noticing that, while having different solidity, both test cases fall in the medium solidity range, 157 
which is particularly indicated for hybrid simulation models, as their accuracy in fact strongly decreases 158 
going toward high-solidity configurations [33]. 159 

The operating conditions of interest were selected so that the ALM tool could be assessed in 160 
different modes of operation. For the 3B-VAWT rotor, two operating points were picked, the optimum 161 
TSR=2.7, where the dynamic stall is relevant, and TSR=3.2, where blockage effects are dominant. On 162 
the other hand, for the 2B-VAHT rotor, TSRs of 2.5 and 3 were selected. TSR = 3 is the optimum 163 
operating point for twin rotors as concluded in [29], while at TSR = 2.5, a significant impact of dynamic 164 
stall is apparent, and has been successfully modelled for a stand-alone configuration in [20].  165 

 166 
Table 1: Operational and geometrical characteristics of the turbine pairs used in the present work. 167 

Variable 3B-VAWT 2B-VAHT 
Airfoil shape DU06W200 DU06W200 (reversed) 
Number of blades [#] 3 2 
Diameter [m] 1.2 2 
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Chord [m] 0.128 0.25 
Solidity (nc/D) [-] 0.32 0.25 
Tip Speed Ratio (TSR) [-] 2.7 – 3.2 2.5 - 3 
Centre-to-centre spacing [-] 1.5D 2.5D 
Freestream velocity [m/s] 8 2 

3. Methodology 168 

3.1 Actuator Line Method 169 
The Actuator Line Method (ALM) [16] is a computational tool that is being extensively used for 170 

simulating wind turbines. The corresponding workflow is the following. First, the position of the 171 
actuator line corresponding to the turbine blade is located on the computational grid. Then, the blade 172 
Reynolds number and angle of attack are sampled from the local flow field and are combined with the 173 
available polar data and sub-models to compute the corresponding aerodynamic forces. The latter are 174 
eventually projected into the computational domain as momentum source terms in the Reynolds-175 
Averaged Navier-Stokes (RANS) solver. In the present work, the ALM tool developed over the years 176 
by the authors and tailored to the simulation of vertical-axis turbines [20] has been adopted and set-up 177 
as following:  178 
• Sampling of the local flow field: the LineAverage method is used to estimate the blade angle of 179 

attack (AoA) from the local flow field. Originally proposed for horizontal-axis wind turbines by 180 
Jost et al. [30] and validated by the authors for the application to vertical-axis turbines [27], [28] , 181 
this method calculates the undisturbed velocity as an integral average of the velocity field along a 182 
closed line around the airfoil. In the present study in particular, a circular line with a radius of r = 183 
1c, N = 80 equally spaced points and centered on the airfoil quarter-chord is used. Moreover, to 184 
reduce the background noise, a low-pass filtering is applied to the sampled data using a Cubic Spline 185 
Smoothing (CSS) algorithm [34], according to the procedure outlined in [26]; 186 

• Pitching moment and BSC corrections: to account for two phenomena specific to vertical-axis 187 
turbines, ad hoc corrections are applied to the predicted torque. First, since the pitching moment of 188 
the airfoil acts in the blade rotational plane, an additional contribution is included in the shaft torque 189 
computation [35]. Second, in the cases where the Blade-Spoke Connection (BSC) point of the blade 190 
support strut does not coincide with the blade's AC, the AoA and load distribution must be modified 191 
accordingly [18], [19]. It is worth noting that, for the selected test case, the blade is mounted at the 192 
quarter-chord and thus the latter correction has no effect (see Table 2); 193 

• Polar data: the accuracy of the ALM code in predicting the performance of a rotor depends on the 194 
quality of the polar data used. This is particularly important for small Darrieus rotors, such as the 195 
ones considered in the present study, where the Reynolds numbers are relatively low, and the impact 196 
of laminar separation bubbles on the aerodynamic performance of the airfoil is more significant. In 197 
addition, one should remember that, as any other method that makes use of tabulated data to model 198 
blade aerodynamics, the use of data referring to the virtually transformed airfoil deriving from 199 
virtual camber correction are mandatory [36]. In the present case, pre-stall aerodynamic coefficients 200 
for both rotors were determined using the viscid panel method software XFoil [37], which proved 201 
to be robust when benchmarked against more complex methods. Additionally, both sets of data 202 
were extended over the deep stall region, up to an angle of attack of ±180°, using the Viterna-203 
Corrigan model [38], as recommended by Bianchini et al. [39] for Darrieus turbines applications; 204 

• Berg dynamic stall model: the present code incorporates the dynamic stall model proposed by Berg 205 
[40] to accurately capture the impact of unsteady flow on the blade loads, as explained in [26]. This 206 
model introduces a delay in the measured angle of attack proportional to the flow reduced frequency 207 
to embed dynamic effects in the solution. The lift and drag coefficients are obtained as a linear 208 
interpolation between the static and dynamic coefficients, weighted over the constant AM. The AM 209 
values were fine-tuned to be 6 and 20 for 3B-VAWT and 2B-VAHT twin rotors, respectively, 210 
following the procedure described in [26]. To determine the stall angle, which is a crucial step in 211 
determining the slope of the lift curve in the pre-stall region, two methods were evaluated in the 212 
previous work discussed in [26]. The first method, MaxLift, selects the static stall angle as the point 213 
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of maximum lift in the pre-stall region, following the same approach used to extend the polar data 214 
in the post-stall region. The second method, LinReg, selects the static stall angle as the angle giving 215 
the line that best approximates the lift curve in the pre-stall region. The former method is 216 
straightforward to implement when the operating Reynolds number is high enough to keep the lift 217 
behavior nearly linear during the pre-stall region. In contrast to the MaxLift which can be beneficial 218 
when the operating chord-based Reynolds number is low, and the pre-stall lift behavior is nonlinear 219 
due to the presence of a viscous separation bubble. Considering the range of the operating Rec for 220 
the current case studies, for 3B-VAWT rotors, MaxLift was used, while LinReg was implemented 221 
for the 2B-VAHT twin rotors. 222 

Additional information about the code formulation can be found in [20]. 223 
Regarding the Frozen ALM approach, this was originally introduced by [41], and has been recently used 224 
by the authors to study the impact of the Regularization Kernel function for a single Darrieus rotor [22]. 225 
This approach, while not specifically thought for design (since aerodynamic coefficients data coming 226 
from blade-resolved CFD are needed) is of particular use whenever one needs to differentiate the errors 227 
stemming from the aerodynamic coefficients or dynamic stall model and those resulting from other 228 
factors such as the projection function, angle of attack (AoA) sampling, spatial or temporal 229 
discretization. In this study, the Frozen ALM is employed in the wake analysis section to effectively 230 
identify the sources of discrepancies between the ALM wake and that of the blade-resolved CFD. 231 

3.2 CFD setup 232 
Two-dimensional simulations were performed using the unsteady Reynolds-Averaged Navier-233 

Stokes (URANS) method, employing the commercial software ANSYS® FLUENT® in its 2020 R2 234 
release. The selected turbulence closure model was the k-ω Shear Stress Transport (SST) model, 235 
renowned for its accuracy and stability in unsteady flow conditions. These conditions frequently arise 236 
in VAWT blades, where significant flow separations and pressure gradients occur [42]. It is worth 237 
noting that the y+ value for all blade-resolved CFD cases remained below 1, satisfying the prerequisites 238 
of the SST model. 239 

Furthermore, other simulation details, including the domain, grid, and time stepping sizes, were 240 
consistent for both the blade-resolved CFD and the ALM. The pressure-based solution was employed 241 
using a coupled algorithm, and a second-order upwind scheme was utilized for the spatial discretization 242 
of all transport equations. The time differencing employed a bounded second-order implicit scheme. 243 
Additionally, the residuals for all variables were set to 10-5, and 30 inner iterations were performed per 244 
time step. These simulation settings were chosen based on comprehensive sensitivity analyses 245 
conducted by some of the authors, as referenced in [43], [44]. 246 

For a detailed description of the blade-resolved CFD setup, please refer to the authors' latest 247 
publication in [29]. The CFD domain, boundary conditions, and grid details for the ALM are reported 248 
and discussed in the subsequent sub-sections. 249 

 250 

3.2.1 Domain and boundary conditions 251 
The computational domain was an open field, with its dimensions parametrized with respect to the 252 

turbine diameter D as shown in Figure 1. The partitioning and sizes of the wake zones were established 253 
following the approach outlined in [45]. This methodology aimed to minimize flow disturbances caused 254 
by the turbine, thereby justifying the use of standard far-field boundary conditions commonly employed 255 
in external flow simulations. 256 

To ensure the numerical independence of the solution from the domain size, a domain sensitivity 257 
analysis was performed. Different test cases with varying domain sizes were evaluated for the 2B-258 
VAHT, as reported in Table 2, which also includes the domain size of the blade-resolved CFD evaluated 259 
on an ALM case. Figure 2 presents the results of the domain sensitivity assessment in terms of the 260 
instantaneous torque coefficient, CT, and coefficient of determination, R2. Some of the authors have 261 
introduced R2 as a criterion for evaluating the spatial or temporal numerical independence, as described 262 
in [44]. This criterion considers both the instantaneous and average values of the errors. In this case, R2 263 
was calculated as follows: 264 𝑅ଶ = 1 − ∑ ൣ஼೅ሺఏሻି஼೅,೑೔೙ೌ೗ሺఏሻ൧మయలబ°ഇసబ°∑ ൣ஼೅ሺఏሻି஼೅,ೌೡ೒.൧మయలబ°ഇసబ°      (1) 265 
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where CT(θ) represents the instantaneous torque coefficient of a given case, CT,final(θ) denotes the 266 
instantaneous torque coefficient of the largest domain case, D(BR-CFD) in the present analysis, and 267 
CT,avg. represents the average torque over a full revolution. From the results shown in Figure 2, no 268 
significant differences can be observed between D02, D03, and D(BR-CFD). Notably, the R2 value for 269 
D02 is above 99.9%. Based on these findings, the domain dimensions of D02 were selected for the 270 
subsequent simulations. 271 

Regarding the boundary conditions, uniform values were prescribed at the inlet for velocity (8 m/s 272 
for the 3B-VAWT and 2 m/s for the 2B-VAHT), turbulent kinetic energy (k), and length scale (L), 273 
tailored to match the testing conditions of the specific test case. The turbulent quantities were estimated 274 
based on the inlet turbulent intensity and length scale. For the 3B-VAWT, a turbulent intensity of 4% 275 
with a length scale of 1 m was set, while for the 2B-VAHT, a turbulent intensity of 0.25% with a length 276 
scale of 2.84 m was used. As for the outlet boundary, a uniform atmospheric pressure was specified, 277 
and a symmetry condition was enforced on the other boundaries. 278 
 279 

Table 2: Test cases for the sensitivity analysis on domain dimensions 280 
Case D1 D2 D3 D(BR-CFD) 
L1/D 10 15 20 20 
L/D = (L1 + L2)/D 30 45 60 80 
W/D 20 30 40 42 
Aspect ratio (L/W) 1.5 1.9 

 281 

 282 
Figure 1 - Computational domain and boundary conditions. 283 
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  284 
Figure 2 - Results of domain independence test for 2B-VAHT pair at TSR = 3: a) instantaneous torque 285 

coefficient and b) coefficient of determination 286 

3.2.2 Computational grid 287 
A hybrid meshing strategy was employed to discretize the CFD domain into three separate fluid 288 

zones based on the main features commonly found in a Darrieus turbine operating in an open-field 289 
environment. The first zone is the rotor ALM region, which encompasses the turbine rotor and is 290 
discretized with a structured mesh to fulfil the requirements of the ALM. The second zone is the wake 291 
region, which requires an unstructured quad-dominant mesh to capture the turbine blockage and wake 292 
development. This region is divided into a near-wake and a far-wake zone. The near wake region is 293 
extended 6D downstream, while the far wake region is 16D downstream. 294 

In a previous study [22], a grid independence test was performed by the authors to determine the 295 
optimal mesh resolution in the ALM region based on turbine loads. The conclusion drawn from that 296 
study was that ∆hALM = β/1.5 provides a favourable balance between accuracy and computational time, 297 
where β represents the kernel width (β = 0.25c). However, in the current analysis, two separate grid 298 
independence tests were conducted, focusing on both the ALM and wake regions. 299 

The first grid sensitivity assessment aimed to ensure that load estimation remains independent of 300 
the grid size, and to validate the conclusions reached from the single rotor analysis for the twin rotor 301 
analysis as well. In this test, different cases with varying mesh sizes are presented in Table 3, where 302 
different element sizes were implemented in the ALM region. The meshing strategy in this assessment 303 
follows that of the single rotor analysis reported in previous studies. Specifically, the near wake region 304 
is always taken as double the size of the ALM region (∆hNearWake = 2∆hALM), while the far wake region 305 
is double the size of the near wake region (∆hFarWake = 2∆hNearWake). 306 

The second grid sensitivity analysis focused on the wake regions, where the element size in the 307 
ALM region remained constant while different grid sizes were applied to the near wake region, 308 
∆hNearWake. The element size in the far wake region was consistently set at twice the size of the near 309 
wake region across all tested meshes. The specific details of the evaluated meshes can be found in Table 310 
4. 311 
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Figure 3 presents the results of the mesh independence tests. On the top left side of the figure, the 312 
results of the first grid assessment are shown in terms of the instantaneous torque coefficient, it is 313 
important to note that here, all the cases reached an R2 > 99.9%. However, increasing the grid size in 314 
the ALM region above β/1.5 lead to volatility in the calculated load as highlighted at 75° < θ < 120°, as 315 
observed also before for the single rotor [22]. Therefore, the results of the first grid independence test 316 
led to the conclusion that ∆hALM = β/1.5 is the optimal mesh size. Thus, G1.2 was selected for the 317 
subsequent grid independency test. On the right side of Fig. 2, the results of the wake grid sensitivity 318 
analysis are illustrated in terms of velocity profiles at X/D of 1 and 3. The solid and dashed lines 319 
represent the coefficient of determination, R2, for the velocity profiles. In this test, R2 was calculated 320 
as: 321 𝑅ଶ = 1 − ∑ ൣ௏ሺ௒/஽ሻି௏೑೔೙ೌ೗ሺ௒/஽ሻ൧మమ.ఱೊ/ವసషమ.ఱ∑ ൣ௏ሺ௒/஽ሻି௏ೌ ೡ೒.൧మమ.ఱೊ/ವసషమ.ఱ      (2) 322 

where V(Y/D) represents the local velocity value at a specific Y/D for the given mesh, Vfinal(X/D) 323 
indicates the local velocity value of the finest mesh (G2.4 in this case), and Vavg denotes the average 324 
velocity along the given mesh. At X/D = 1, all grids exhibit identical velocity profiles. However, at X/D 325 
= 3, slight variations can be observed, with G2.3 displaying an R2 value exceeding 99.9%. Based on 326 
these findings, G2.3 was chosen for subsequent simulations. Figure 4 illustrates the final selected mesh, 327 
including the representation of the mesh zones. Additionally, Table 5 presents a comparison between 328 
the blade-resolved CFD model and the ALM in terms of spatial and temporal discretization. 329 
 330 

Table 3 - Tested grids for the ALM region mesh sensitivity analysis. 331 
Case ∆hALM No. of elements 

G1.1 β 83,538 
G1.2 β/1.5 180,639 
G1.3 β/2 313,777 

 332 
Table 4 - Tested grids for the wake zone mesh sensitivity analysis. 333 

Case ∆hNearWake No. of elements 

G2.1 3∆hALM 104,258 
G2.2 2.5∆hALM 131,277 
G2.3 2∆hALM 180,639 
G2.4 1.5∆hALM 285,777 

 334 
  335 
 336 
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 337 
Figure 3 - Comparison between the different grid resolutions in terms of a) torque coefficient, b) coefficient of 338 

determination, and c) velocity profiles for the 2B-VAHT pair at TSR = 3 at X/D = 1 and 3. 339 
 340 

 341 
Figure 4 - Details of the computational grid. 342 

 343 
Table 5 - A comparison of the numerical settings between the blade-resolved CFD and ALM simulations. 344 

Numerical parameter Blade-resolved CFD ALM 
Grid number of elements 1,016,848 180,639 
Domain size 42D × 90D 30D × 45D 
Angular step size (∆θ) 0.4° 1° 

 345 

3.3 Proper Orthogonal Decomposition (POD) 346 
POD is a powerful tool for analysing transient flow fields due to its ability to identify the main 347 

coherent spatial structures, or modes, contributing to the flow behaviour. Each mode represents a 348 
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distinct spatial pattern, with a corresponding temporal coefficient that describes its time evolution. The 349 
modes are ordered based on their energy levels, with the first few modes typically capturing most of 350 
the flow dynamics [46]. POD has been recently employed to study the wake behind wind turbines. For 351 
example, Chen et al. [47] utilized RANS turbulence models to investigate the effect of gurney flaps on 352 
the performance of an H-shaped Darrieus VAWT. More recently, Sheidani et al. [48] used the POD to 353 
compare between RANS and LES simulations for a Darrieus hydrokinetic turbine. 354 

In the present work, POD was applied to both simulations, in order to compare the wakes produced 355 
by the blade-resolved CFD and the ALM. More in detail, the flow field data at each spatial point on the 356 
two-dimensional domain was stored into a unit vector, 𝜒௡௠ , where n is the number of spatial points 357 
available, and m is the number of timesteps. Each value of 𝜒௡௠ is the fluctuating component of the 358 
velocity magnitude, obtained by removing the mean value from the instantaneous one. In this way, an 359 
n × m matrix U could be formed as: 360 

 361 𝑈 = ቎𝜒ଵଵ ⋯ 𝜒ଵ௠⋮  ⋮𝜒௡ଵ ⋯ 𝜒௡௠቏      (1) 362 

 363 
This matrix is then decomposed via Singular Value Decomposition (SVD) into three other matrices, 364 

two of which contain the coherent structures in the spatial and temporal domains, in addition to the 365 
matrix of eigenvalues: 366 

 367 𝑈 = 𝜙௨Σ𝜙௏் = ൥ ⋮  ⋮𝑢ଵ … 𝑢௡⋮  ⋮ ൩ ൥𝜎ଵ 0 00 ⋱ 00 0 𝜎௠൩ ቎… 𝑉ଵ் ⋯… 𝑉ଶ் …… 𝑉௠் …቏   (2) 368 

 369 
where 𝜙௨ is the left eigenvectors matrix that contains the spatial coherent structures in the n points, 370 

while 𝜙௏்  is the right eigenvectors matrix, physically representing the evolution of each mode in the m 371 
points. Σ, on the other hand, is a diagonal matrix of singular values, σ, organized in descending order, 372 
allowing the ordering of spatial modes in 𝜙௎ based on the corresponding energy level. As most of its 373 
energy is usually contained in the first few modes. The singular values are the square roots of the 374 
eigenvalues of the covariance matrix of the original data matrix, U. The percentage of energy 375 
corresponding to each mode is then computed as the square of the corresponding singular value divided 376 
by the sum of the squares of all singular values. From the statistical point of view, this quantity is 377 
equivalent to the total variance of the data explained by each mode. From the physical one, it 378 
corresponds to the total kinetic energy generated due to the velocity fluctuations in each mode. 379 

The use of POD allowed to identify the core differences between the wakes predicted by ALM and 380 
blade-resolved CFD, thus providing a deeper understanding of how each formulation influences the 381 
wake development. In this study, the POD analysis was conducted within a selected area spanning 6D 382 
in the crosswind direction and 5D in the streamwise direction, located 1D downwind from the centre of 383 
the rotors as indicated in Figure 5. Instantaneous velocity magnitude data were stored for the three 384 
cycles after the 50th revolution to ensure that the flow field had reached a steady-state periodic condition 385 
past the turbines. It should be noted that the POD analysis was only carried out on the 2B-VAHT rotor 386 
due to the availability of detailed flow fields from blade-resolved simulations. 387 
 388 
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 389 
Figure 5 - POD analysis region. 390 

4. Results 391 
The results are reported in this section for both the 3B-VAWT (section 4.1) and the 2B-VAHT 392 

(section 4.2) twin rotors. In each section, the load results are firstly compared to those of blade-resolved 393 
CFD in terms of power and torque coefficients (CP and CT, respectively). The CP is defined as the ratio 394 
of power, P, extracted by the turbine to the power available in the wind, while the CT is the 395 
dimensionless torque on the blades: 396 𝐶௣ = ௉଴.ହఘ஺௏ಮయ      (4) 397 𝐶் = ்଴.ହఘ஺ோ௏ಮమ = ஼ು்ௌோ     (5) 398 

Secondly, the results of the local flow kinematics are reported and compared to that of the blade-399 
resolved CFD. For the 3B-VAWT, the local velocity profile was sampled at a certain azimuth position 400 
and compared to the data published by Ref. [5]. While for the 2B-VAHT, this assessment was conducted 401 
by comparing the instantaneous angle of attack results. Finally, the wake flow field was investigated 402 
for only the 2B-VAHT due to the data availability. This was carried out by initially reporting the velocity 403 
profiles at different downwind distances, followed by a POD analysis where the coherent spatial modes 404 
resulting from both the ALM and blade-resolved CFD simulations are compared. 405 

4.1 Three-blade VAWT: 3B-VAWT 406 
This section presents the simulation results of the c, a three-bladed VAWT with medium solidity, 407 

to evaluate the ALM capabilities in simulating the performance of twin-rotor VAWTs. The results of 408 
this rotor pair include both inward and outward modes of rotation, with a distance of 1.5D between the 409 
two rotors. The operating range of this turbine is limited to relatively low chord-based Reynolds 410 
numbers, ranging from 130k to 290k within the assessed TSRs of 2.7 and 3.2. 411 

4.1.1 Blade loading 412 
For the inward configuration, the blade loading of the 3B-VAWT turbine at TSRs of 2.7 and 3.2 413 

were analysed using the ALM. Figure 6 shows the profile of blade torque coefficient (CT) along one 414 
revolution, averaged over the two rotors. The results obtained from ALM were compared with the 415 
corresponding blade-resolved RANS simulations of Zanforlin et al. [5]. Additionally, the single rotor 416 
results, including those obtained from the single rotor ALM, were reported to provide a basis for 417 
comparison. 418 

At TSR = 2.7, the results showed that the ALM was able to reconstruct the trend of the torque 419 
coefficient profile in the upwind region (0° ≤ θ ≤ 180°), capturing the azimuthal position of the peak 420 
torque with a slight overestimation in its magnitude compared to the reference data. In the downwind 421 
section (180° ≤ θ ≤ 360°), nonetheless, the ALM achieved a fair prediction of the torque coefficient 422 
trend, although overestimating energy extraction along the whole blade path between θ = 180° and θ = 423 
360°. At TSR = 3.2, in the upwind half, the trend of the torque coefficient profile matched that of the 424 
blade-resolved CFD, although with a slight lead of approximately 5°. Unlike at TSR=2.7, the ALM 425 
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provided a satisfactory estimation of the downwind torque, although still slightly overestimated with 426 
respect to the reference data. 427 
 428 

  429 
Figure 6 – Comparison between blade-resolved RANS [5] and ALM in terms of torque coefficient for 3B-VAWT 430 

twin rotors in the inward configuration at TSRs = 2.7 and 3.2. 431 
 432 
Figure 7 presents the same comparison for the outward configuration. The plot shows that during 433 

the first quarter of the azimuth angle range, where the interactions between adjacent blades are most 434 
significant (0° ≤ θ ≤ 90°), the ALM torque coefficient trend showed a slight overestimation that 435 
increased gradually until reaching the peak torque near θ ≈ 90°, where the ALM was able to capture its 436 
azimuthal position but with an overestimated magnitude. Then the gap between the ALM torque and 437 
that of the reference data decreased gradually until matching at θ ≈ 170°. In the downwind azimuthal 438 
path on the other hand, torque production was overestimated along most of the path, as seen in the 439 
inward configuration. It is worth noticing that unlike in the inward configuration the ALM in the 440 
outward configuration accurately captured the trend of the torque coefficient without any shifts in the 441 
azimuth position. 442 
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 443 
Figure 7 – Comparison between blade-resolved RANS [5] and ALM in terms of torque coefficient for 3B-VAWT 444 

twin rotors in the outward configuration at TSR = 2.7. 445 
 446 
4.1.2 Velocity profiles 447 
In order to evaluate the ALM ability to reproduce the flow field around the twin rotors, the velocity 448 

profiles in the streamwise (X) and crosswise (Y) directions were compared between the ALM and the 449 
blade-resolved CFD from Zanforlin et al. [5]. For comparison, the velocity profile of the clockwise 450 
rotor was reoriented to the direction of the anticlockwise rotor, and an average was calculated for both 451 
rotors.  452 

Figure 8 shows the velocity profiles sampled at TSRs 2.7 and 3.2 upstream of the twin rotor. At 453 
TSR = 2.7, it can be seen that the ALM shows good agreement with the blade-resolved CFD data, with 454 
some discrepancies in terms of: (i)  upwind blockage effect, in particular the X-velocity deficit at the 455 
rotor centre (Y/D = 0); (ii)  slope of variation of the Y-velocity, i.e., degree of expansion of the flow at 456 
the sides of the twin rotor and the gap. The same considerations can be made for TSR=3.2, but here the 457 
blockage effect induced by the twin rotor on the incoming flow is even more underpredicted with 458 
respect to blade-resolved CFD, both at the sides and in the gap. 459 

 460 
Figure 8 – Comparison between blade-resolved RANS [5] and ALM in terms of upstream velocity profiles for 461 

3B-VAWT twin rotors at TSRs = 2.7 and 3.2. 462 
 463 

Based on previous considerations, it can be concluded that for the 3B-VAWT WindSpire test case, 464 
the ALM is able not only to fairly reproduce the flow pattern induced by the pairing of multiple Darrieus 465 
rotors, which, according to Zanforlin et al. [5], consists in the suppression of the flow expansion in the 466 



15 
 

mutual interaction area (Y/D < 0) of the rotors, but also to capture the corresponding enhancement of 467 
the torque production in the same region, with the following power augmentation effect. Nonetheless, 468 
two sources of discrepancy with respect to blade-resolved data can still be identified: (i) the low 469 
Reynolds numbers experienced by the blades (i.e., Rec < 300k), which make  the assessment of the input 470 
polar data extremely critical (see Section 3); (ii) the unsteady effects experienced by the blades could 471 
not be fully reproduced by the ALM whether through the use of Berg model or even without employing 472 
any dynamic stall model. The latter is more evident from the overestimation of the torque coefficient 473 
profile during the downwind azimuth positions observed for both inward and outward configurations 474 
and different TSRs. This observation aligns with a previous study for a stand-alone rotor [22].  475 

4.2 Two-blade hydrokinetic turbine 476 
In this section, the ALM results for the 2B-VAHT inward counter-rotating twin rotors (see Section 477 

2) are presented and compared to the blade-resolved CFD simulations from [29] for two different TSRs 478 
(2.5 and 3). In contrast with the 3B-VAWT case, complete flow data were available for this turbine, 479 
enabling the advanced post-processing of the rotor flow via LineAverage sampling of the blade angle 480 
of attack, useful for a benchmarking of the ALM in terms of aerodynamic coefficients, and POD 481 
analysis of the wake.  482 

4.2.1 Blade loading 483 
Figure 9 shows the cyclic average power coefficient CP computed using blade-resolved CFD and 484 

ALM for both stand-alone rotor and twin rotors of 2B-VAHT at TSRs 2.5 and 3. In general, it can be 485 
observed that the ALM overestimates the average CP in all cases. This overestimation is less prominent 486 
at TSR = 3 compared to TSR = 2.5.  487 

However, the average value could hide significant differences in the instantaneous torque values, 488 
which could have been compensated during the averaging process along one rotor revolution. To take 489 
that into consideration, Figure 10 reports the comparison between ALM and CFD in terms of 490 
instantaneous CT along one rotor revolution, for both the stand-alone and the twin rotor. At TSR = 2.5, 491 
the ALM was able to reproduce the torque profile in the whole pitch-up phase (0° < θ < 90°), up to its 492 
peak value for both single and twin rotors. In the pitch-down phase (90° < θ < 180°) instead, the ALM 493 
tends to underpredict torque production in both stand-alone and twin configurations. The opposite trend 494 
is observed in the downwind region (180° < θ < 360°), where the ALM overpredicts the blade loads 495 
with respect to reference data along the whole blade path. This behaviour is even more accentuated at 496 
TSR = 3, where, for both stand-alone and twin configurations, the ALM also anticipates the position of 497 
the torque peak of ca. 10°.  498 
 499 

 500 
Figure 9 – Comparison between blade-resolved CFD and ALM in terms of average power coefficient 2B-VAHT 501 

single and twin rotors at TSRs 2.5 and 3. 502 
 503 



16 
 

  504 
Figure 10 – Comparison between blade-resolved CFD and ALM in terms of instantaneous torque coefficient for 505 

2B-VAHT single and twin rotors at TSRs 2.5 and 3. 506 
 507 
4.2.2 Blade kinematics 508 

In order to gain a better insight into the discrepancies in terms of loads observed between ALM 509 
and blade-resolved CFD in Section 4.21, Figure 11 presents a similar comparison, but focusing on the 510 
local instantaneous angle of attack AoA and lift coefficient CL. It is worth noting that the AoA was 511 
sampled using the same LineAverage technique for both ALM and blade-resolved CFD, with the 512 
settings described in Section 3. 513 

For both TSRs, the trend of AoA variation predicted by the ALM show good agreement with that 514 
of the blade-resolved CFD, particularly at TSR = 3, exception made for a slight mismatch around θ ≈ 515 
200°. More importantly, the ALM captures the increase in the AoA induced in the gap region (90° < θ 516 
< 225°) by the rotors’ mutual interaction. This provides a first confirmation of what already observed 517 
for the 2B-VAWT turbine (see Section 4.1.2), i.e., that the ALM in the present formulation is able to 518 
reproduce with sufficient accuracy the flow pattern generated by a twin rotor configuration.  519 

The discrepancy in terms of blade loads highlighted in Section 4.2.1 must therefore be related to 520 
their computation inside the ALM algorithm, in particular the selected model for unsteady 521 
aerodynamics and dynamic stall. This in clearly visible in the CL profiles reported in Figure 10. For 522 
TSR = 2.5, there is a good matching in terms of lift slope and stall delay between the two approaches, 523 
up to the maximum angle of attack (AoA ~ -17°). In the pitch-down phase nonetheless, where most of 524 
the power augmentation effect takes place in the twin rotor case, the Berg dynamic stall model tends to 525 
overestimate the amplitude of the lift hysteresis loop (-17° < AoA < -5°), underestimating in turn the 526 
corresponding torque production (see Figure 8). The opposite occurs in the downwind part, where the 527 
ALM keeps following a linear behaviour, while in the reference data there is both a reduction of the 528 
nominal slope and a lag of the instantaneous lift with respect to the angle of attack. This phenomenon 529 
is coherent with the airfoil behaviour observed during highly unsteady attached flow (as the one 530 
modelled in the theory of Theodorsen [49] for instance), and it is not included in the adopted Berg 531 
model. More advanced formulations are therefore required in the future. The weight of such unsteady 532 
loading, together with the discrepancy between ALM and blade-resolved CFD, is enhanced at TSR = 533 
3, as separation-related effects lose importance. 534 



17 
 

 535 
Figure 11 – Comparison between blade-resolved CFD and ALM in terms of AoA and lift hysteresis loop for 2B-536 

VAHT single and twin rotors at TSRs = 2.5 and 3. 537 
4.2.3 Wake flow field 538 

Figure 12 presents a comparison of the non-dimensional velocity profiles, V/V∞, at various distances 539 
downstream of the rotors (1D, 3D, and 5D) obtained from ALM, Frozen ALM, and blade-resolved CFD 540 
simulations at TSRs 2.5 and 3. Overall, the velocity profiles of the ALM demonstrate good agreement 541 
with the reference profiles across all operating conditions. At TSR = 2.5, the ALM slightly 542 
overestimates the flow speed at the turbine sides (Y/D ≤ -2 and 2 ≤ Y/D), while achieving a perfect 543 
match at TSR = 3. The presence of rotor-induced velocity deficits is accurately captured by the ALM 544 
for both TSRs, although the near wake velocity profile exhibits some variability at TSR = 2.5 and 545 
greater stability at TSR = 3. Within the mutual interaction region (-0.5 ≤ Y/D ≤ 0.5) at 1D and 3D, the 546 
ALM successfully captures the velocity variation, with minor differences compared to the blade-547 
resolved CFD at TSR = 3. However, at 5D, the ALM solutions tend to overestimate the streamwise 548 
wake velocity between the rotors for both TSRs. Regarding the Frozen ALM, the velocity profiles 549 
closely match those of the blade-resolved CFD at the turbine leeward side (Y/D < -1.5 and Y/D > 1.5) 550 
at both TSRs. Although slight deviations are observed within the mutual interaction region, particularly 551 
near the rotors at X/D = 1 at TSR = 2.5. 552 
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 553 
Figure 12 – Comparison between blade-resolved CFD and ALM at θ = 0° in terms of wake velocity profiles 554 

sampled at X/D = 1D, 3D, and 5D for 2B-VAHT twin rotors at TSRs = a) 2.5 and b) 3 at θ = 0°. 555 
 556 

Figures 13 and 15 depict the dimensionless vorticity contours obtained from the ALM, Frozen 557 
ALM, and blade-resolved CFD solutions at TSRs 2.5 and 3. It is apparent that in all cases and at both 558 
TSRs, the twin rotors produce symmetrical four vorticity sheets, each exhibiting varying directions due 559 
to the counter-rotating configuration. Each rotor generates two distinct shedding vortices which detach 560 
from the airfoil surface when subjected to a shift in the angle of attack sign. To analyze the evolution 561 
of these sheets, they were categorized as windward and leeward sheets. At each side, two vortices were 562 
identified and denoted as W1 and W2 for the windward vortices, and L1 and L2 for the leeward vortices. 563 
It is important to note that the identified vortices are generated by the same blade and correspond to two 564 
subsequent revolutions, while the ones in between have been generated by the other blade. 565 

At TSR = 2.5, W1 initiates at θ = 90° with a consistent slender structure across all cases. It gradually 566 
transforms into an elliptical shape until reaching θ = 360°, where the W1 vortices of the blade-resolved 567 
CFD, Frozen ALM, and ALM simulations coincide at X/D ≈ 1. However, it is evident that the ALM 568 
vortex appears more compact compared to those of the Frozen ALM and blade-resolved CFD. This 569 
disparity becomes more pronounced from W2, being located at X/D ≈ 1.2 at θ = 90° and subsequently 570 
progressing to X/D ≈ 2 at θ = 360° in all simulations. Despite the similarity in shape and transport 571 
velocities between the windward vortices in all cases, their dissipation is different, especially at X/D ≈ 572 
3. In the case of ALM, the dissipation of the windward vortices assumes a slender form with a higher 573 
vorticity magnitude. Conversely, the windward vortices of the blade-resolved CFD exhibit a wider, 574 
diffused shape with a lower vorticity magnitude. Interestingly, the Frozen ALM initially displays 575 
windward vortices similar to those of the blade-resolved CFD until approximately X/D ≈ 4, after which 576 
it demonstrates distinct dissipation behavior. 577 
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Regarding the leeward vortices at TSR = 2.5, it is apparent that their structures differ across all 578 
simulations from the initiation phase. This disparity can be attributed to two primary reasons. Firstly, 579 
there are discrepancies in the ALM load estimation at θ > 100° (see Fig. 10), which is the azimuthal 580 
region where these vortices are formed. Secondly, the projection of forces, which the ALM is inherently 581 
unable to reproduce, particularly those formed around the blade wall in the blade-resolved CFD case. 582 
The latter is depicted in detail in Figure 14. In the blade-resolved CFD results, due to the dynamic 583 
unsteadiness, a separation bubble is formed on the trailing edge, extending up to almost half of the 584 
airfoil surface. This results in the formation of four vortices in each half cycle. At θ = 90°, around L1, 585 
there are two additional blue vortices alongside a counter-rotating red vortex. These vortices are not 586 
transported at the same speed, and this disparity becomes more pronounced at θ = 180° when L1 and 587 
its accompanying counter-rotating vortex interact with another vortex from the previous cycle, 588 
gradually dissipating the counter-rotating vortex. This phenomenon is more clearly visible with L2, 589 
where at θ = 90° it pairs with another co-rotating vortex, leading to the complete disappearance of the 590 
counter-rotating vortex at θ = 270°. Subsequently, these vortices interact to form a larger single vortex, 591 
which eventually dissipates, forming a thick layer of flow with a low vorticity magnitude. 592 

In the case of the Frozen ALM, despite projecting the force magnitudes from the blade-resolved 593 
CFD case, the resulting vortical structures differ due to the different distribution of these forces when 594 
projected. In the Frozen ALM, the forces take on a circular shape. On the other hand, the ALM generates 595 
a leeward street with more concentrated circular-shaped vortices. These vortices maintain their shape 596 
until X/D ≈ 5, where they slow down and pair with each other, leading to their dissipation along with 597 
the windward sheet. It is important to note that in both ALM and blade-resolved CFD simulations, the 598 
leeward vortices pair together, forming larger vortices. However, the location of these pairings differs 599 
between the simulations: 1 < X/D < 2 for the blade-resolved CFD and 4 < X/D < 5 for the ALM. In 600 
contrast, no vortex pairing occurs in the Frozen ALM case. 601 
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 602 
Figure 13 – Comparison between blade-resolved CFD and ALM at θ = 90°, 180°, 270°, and 360° in terms of 603 

dimensionless vorticity for 2B-VAHT twin rotors at TSR = 2.5. 604 
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 605 
Figure 14 – Leeward vortex initiation for blade-resolved CFD compared with that of the Frozen ALM and ALM 606 

at TSR = 2.5. 607 
At TSR = 3, the windward vortices look similar to those of TSR = 2.5 for all cases, with a single 608 

vortex produced every half cycle and a more compact structure for the ALM. The dissipation behavior 609 
is similar for all cases, with the ALM and Frozen ALM forming a thin layer of high vorticity flow that 610 
only in the ALM case, they break down into larger vortices upon interacting with the leeward street, 611 
more apparent at X/D > 7. In contrast, the blade-resolved CFD produces a thicker and more diffused 612 
windward street. Regarding the leeward vortices, due to the low angle of attack variation range at this 613 
TSR (see Fig. 9), the vortical structures formed on that side seem simpler compared to those at TSR = 614 
2.5, with only a single vortex formed each half cycle, which quickly dissipates as shown from L2 at θ 615 
= 360°. However, as noted before, due to the poor load estimation at θ > 70° (see Fig. 8), the leeward 616 
streets produced by the ALM have a completely different shape and concentration compared to those 617 
of the blade-resolved CFD and Frozen ALM, leading to different recovery behavior, which is more 618 
prominent at X/D ≈ 6. 619 
To summarize, the proposed tool is able to reproduce the main features of the wake flow field in a fairly 620 
accurate manner. However, the ALM shows a slower diffusion in the windward vortex streets at both 621 
TSRs. This can be mainly attributed to the discrepancies in the load estimation that the ALM produces 622 
during the blade pitch down phase. It is important to note that this has also been observed in [22] for a 623 
stand-alone rotor. Based on the analysis above, the POD region was chosen to be within a streamwise 624 
distance of 1 ≤ X/D ≤ 5, since beyond this range, it is already evident that the flow behaves completely 625 
differently in both simulations. 626 

 627 
 628 
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  629 
Figure 15 – Comparison between blade-resolved CFD and ALM at θ = 90°, 180°, 270°, and 360° in terms of 630 

dimensionless vorticity for 2B-VAHT twin rotors at TSR = 3. 631 
 632 
Figure 16 presents a comparison of the percentage of the POD modal energy captured by each 633 

spatial mode, as well as the cumulative total energy captured up to each mode, at two different TSRs of 634 
2.5 and 3, calculated as explained in Section 3.4. At TSR = 2.5, the ALM simulation required 8 modes 635 
to capture over 90% of the total energy, while only 2 and 5 modes were needed in the case of Frozen 636 
ALM and blade-resolved CFD, respectively. At TSR = 3, due to the reduced influence of unsteady 637 
effects, more energy was captured by fewer modes in all simulations. Notably, the Frozen ALM and 638 
blade-resolved CFD exhibited a close match, with the first two modes capturing 96% and 94% of the 639 
total modal energy, respectively. In contrast, for the ALM, the first two modes accounted for only 67% 640 
of the total energy. These differences in the distribution of flow modal energy among the various modes 641 
between the ALM and blade-resolved CFD can be better understood by examining the corresponding 642 
modal spatial patterns. 643 
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 644 

  645 
Figure 16 - Comparison between the percentage of modal energy for the ALM and blade-resolved CFD at TSRs 646 

a) 2.5 and b) 3. 647 
 648 
Figure 17 illustrates the normalized mean velocity fields at TSR = 2.5 obtained through the three 649 

simulation techniques, along with the contour representing the mean velocity differences calculated by 650 
subtracting the mean velocity of the ALM fields from that of the blade-resolved CFD. Overall, the mean 651 
flow patterns reveal a considerable similarity in the distribution of the wake flow field, with only some 652 
noticeable differences highlighted by the mean velocity difference contour. A comparison between the 653 
Frozen ALM mean flow and the blade-resolved CFD demonstrates a close alignment in most regions, 654 
except for the wake borders where deviations occur. In contrast, the ALM mean flow exhibits greater 655 
acceleration in the area between the two rotors, as also observed in the velocity profiles presented in 656 
Figure 12. 657 

The first four spatial modes resulted from the POD are shown in Fig. 18, offering further insights 658 
into the differences among the three simulations in terms of wake development at TSR = 2.5. Notably, 659 
the first four modes in all simulations exhibit a pattern where each pair of modes shows a spatial phase 660 
shift between them. This phenomenon has also been observed in a recent single rotor POD analysis 661 
conducted in [47]. In the case of blade-resolved CFD, the first two modes represent the dominant modes 662 
of velocity fluctuations resulting from the coupling of the windward streets, while the other pair captures 663 
the harmonics of these windward streets, featuring double the number of structures, along with 664 
structures associated with the leeward vortex streets. Conversely, as previously explained the Frozen 665 
ALM results do not exhibit this coupling between the windward vortices, despite projecting the same 666 
forces as in the blade-resolved CFD (see Fig. 13). This explains the absence of modes 1 and 2 from the 667 
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Frozen ALM modes, while modes 1 and 2 of the Frozen ALM align with modes 3 and 4 of the blade-668 
resolved CFD. 669 

Additionally, the first two modes of the ALM capture the fluctuations resulting from the pairing of 670 
the windward streets, where large structures are observed within 4 < X/D < 5, indicating the formation 671 
of a double-sized vortex due to an earlier pairing. It is important to note that the first two modes of both 672 
simulations are related to the convection of the windward streets. However, this represents a significant 673 
difference between the wake flow fields of the ALM and the blade-resolved CFD, as discussed earlier 674 
based on the vorticity flow field. On the other hand, the third and fourth modes of the ALM exhibit 675 
paired velocity fluctuation patterns arising from the shedding vortices near both the leeward and 676 
windward sides. From X/D = 1 up to X/D ≈ 3, modes 3 and 4 of the ALM exhibit strong similarities 677 
with modes 3 and 4 of the blade-resolved CFD, particularly in terms of the leeward streets. 678 

Figure 19 displays the mean velocity contours for blade-resolved CFD, Frozen ALM, and ALM. as 679 
well as the mean velocity differences at TSR = 3. At this TSR, the mean flow in the ALM simulation 680 
shows greater acceleration than in the blade-resolved CFD on both the leeward and windward sides, 681 
which was previously observed in the velocity profiles shown in Fig. 12. The Frozen ALM, on the other 682 
hand, exhibits higher acceleration within the area of mutual interaction between the wakes of the two 683 
turbines at 2 < X/D < 4. 684 

Figure 20 shows the initial four POD modes, the first two modes of both the blade-resolved CFD 685 
and the Frozen ALM show pairs of similar coherent structures with a streamwise phase shift, 686 
representing the velocity fluctuation pattern due to the shedding streets in both leeward and windward 687 
directions. The size and position of the coherent structures in the first two modes match well between 688 
the blade-resolved CFD and the Frozen ALM. For these two simulations, the 3rd mode shows a coherent 689 
pattern formed due to the dissipation of the leeward streets, while the 4th mode represents a breakdown 690 
of the first and second modes, showing double the number of coherent structures. At this TSR, the 691 
influence of the 3rd and 4th modes is marginal since the first two modes capture about 94% and 96% 692 
of the modal energy for the blade-resolved CFD and the Frozen ALM, respectively (see Fig. 16). 693 

For the ALM, the first two modes represent a pair of coherent structures that are produced near the 694 
rotors due to the windward streets. The 3rd and 4th modes depict a breakdown of these windward 695 
structures in addition to those formed due to the leeward streets. Interestingly, the 3rd and 4th modes 696 
of the ALM show good agreement with the 1st and 2nd modes of the blade-resolved CFD and the 697 
Frozen ALM. 698 

 699 

 700 
Figure 17 - Comparison between a) temporal mean of dimensionless velocity, b) mean velocity difference for 2B-701 

VAHT twin rotors at TSR = 2.5. 702 
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 703 
Figure 18 - Comparison between POD modes: a) mode 1, b) mode 2, c) mode 3, and d) mode 4 for 2B-VAHT twin 704 

rotors at TSR = 2.5. 705 
 706 
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 707 
Figure 19 - Comparison between a) temporal mean of dimensionless velocity, b) mean velocity difference for 2B-708 

VAHT twin rotors at TSR = 3. 709 
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 710 
Figure 20 - Comparison between POD modes: a) mode 1, b) mode 2, c) mode 3, and d) mode 4 for 2B-VAHT twin 711 

rotors at TSR = 3. 712 
 713 

5. Discussion 714 
 In this study, the ALM simulation approach was thoroughly validated against blade-resolved CFD 715 

solutions to evaluate its potential in accurately predicting the performance of twin Darrieus turbines. 716 
The validation process focused on three key aspects: (i) estimation of the instantaneous turbine loads, 717 
(ii) ability to mimic the local flow kinematics, and (iii) reproduction of the wake behaviour. 718 

The results from the validation campaign have highlighted that estimating the instantaneous blade 719 
load is a task that is highly dependent on the specific case, as previously mentioned in [22]. It is evident 720 
that this issue is not exclusive to the implementation of multiple rotors but is influenced by the geometric 721 
and operational characteristics of the turbines. Specifically, the analysis of the instantaneous torque 722 
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coefficient results for the 3B-VAWT turbines indicated that the ALM consistently overestimated the 723 
torque coefficient during the downwind azimuthal path, although this discrepancy was less pronounced 724 
at higher tip speed ratios. Conversely, for the 2B-VAHK pair, this issue persisted even at higher tip 725 
speed ratios. The primary reason for this disparity can be attributed to the incapability of the Berg model 726 
to accurately capture the unsteady effects in the absence of dynamic stall. These unsteady effects may 727 
not have as significant an impact on the 3B-VAWT rotor due to differences in operational 728 
characteristics, such as the lower c/R ratio and the higher solidity. 729 

In terms of the local variation of the flow field, which has been previously identified [29] as the 730 
primary source of efficiency improvement when two rotors are closely deployed, our findings reveal 731 
that the ALM successfully reproduces this effect. Although the data for the angle of attack was not 732 
available for the 3B-VAWT pair, we compared the velocity profiles in the vicinity of the blades with 733 
the results published by [5]. For the 2B-VAHT rotor pair, the AoA values generated by the ALM closely 734 
matched those obtained from the blade-resolved CFD simulations, particularly at higher TSR. These 735 
findings readily suggest that the ALM has the potential to be employed in multirotor configurations, as 736 
it can capture the corresponding array effects. 737 

The comparative analysis using POD on the 2B-VAHT twin rotors revealed that the ALM 738 
simulation could effectively capture the main flow patterns shown by blade-resolved CFD, despite using 739 
different temporal and spatial discretisation’s. The POD analysis played a crucial role in identifying the 740 
dominant flow patterns associated with the wake behind the twin rotors and highlighting the differences 741 
between the wakes produced by both simulations. In this context, the use of the Frozen ALM in the 742 
POD analysis allowed the distinction between the discrepancies due to the load estimation and those 743 
due to other factors such as the projection function. For instance, at high TSR, where the dynamic 744 
effects are minimal, the dominant modes of both blade-resolved CFD and Frozen ALM matches in 745 
terms of energy content as well as the coherent structures. Furthermore, the analysis clearly 746 
demonstrated that the discrepancies observed in the ALM reproduced wake were primarily due to the 747 
underestimation of the load generated during blade pitch down, which implicitly affected the wake 748 
recovery behavior. 749 

Overall, the ALM has demonstrated exceptional capability in reproducing changes in local flow 750 
kinematics, which is essential for closely-spaced Darrieus turbine applications [29]. This has made it a 751 
suitable tool for interdisciplinary analyses of multiple Darrieus rotor problems, particularly for design 752 
and optimization purposes. 753 

The spatial domain of the ALM is smaller than that of the blade-resolved CFD simulation (42D × 754 
90D vs. 30D × 45D), with approximately 180k elements compared to 1,000k elements. Additionally, 755 
the ALM uses a larger ∆θ (1°) than the blade-resolved CFD (0.4°), resulting in a significant reduction 756 
in computational time. The ALM takes approximately 7 core-hours per revolution, while the blade-757 
resolved CFD takes around 508 core-hours per revolution. 758 

6. Conclusions 759 
 This study has presented a comprehensive validation campaign of the ALM tool in its two-760 

dimensional form for closely-spaced twin Darrieus turbines. Proving that this computationally-efficient 761 
method is able to capture the complex flow interactions, which have been to date analyzed only by 762 
means of blade-resolved CFD, is thought to represent a finding of particular relevance for industry, as 763 
this method can become the new standard in the growing sector, for example, of hydrokinetic turbines 764 
that need to be deployed into arrays.  765 

The validation was conducted by comparing the results of the ALM with those of blade-resolved 766 
CFD simulations, and it aimed at assessing the ALM's ability to estimate the instantaneous turbine 767 
loads, mimic the local flow kinematics, and reproduce the wake behaviour. The validation campaign 768 
was carried out for two different pairs of Darrieus turbines: 3B-VAWT and 2B-VAHT, which exhibit 769 
different geometrical and operational characteristics. 770 

The results of the validation campaign have demonstrated that the ALM is able of accurately 771 
reproducing the local flow kinematics, which is essential for closely-spaced Darrieus turbine 772 
applications. The load analysis showed that the ALM can capture the instantaneous load with good to 773 
fair accuracy, although this may be case-dependent due to the sensitivity of the adopted dynamic stall 774 
model to geometrical and operating conditions. The wake analysis conducted through performing POD 775 
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analyses revealed that the main flow fluctuating patterns from the blade-resolved simulation are well 776 
captured by the ALM. In summary, the ALM requires much less computational resources compared to 777 
blade-resolved CFD for simulating a twin-rotor configuration, with a computational time difference of 778 
almost two orders of magnitude. This makes the ALM an attractive alternative for complicated and 779 
interdisciplinary applications, such as simulating the flow around a floating Darrieus wind turbine or 780 
examining the effect of Darrieus hydrokinetic turbines on a channel flow. 781 

In future research, it would be beneficial to expand the validation of the ALM to encompass three-782 
dimensional simulations with experimental validation. These simulations should consider factors such 783 
as tip losses and the impact of vertical mixing on wake recovery. Furthermore, incorporating additional 784 
physical phenomena into the ALM model would enhance our understanding of how these machines 785 
perform in realistic scenarios. 786 
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